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cs(.i  II Iaii(III  witl IoIIt l)rior i]] fort] latio]l  or s l e w ’ i t l p ,  tlIc scIIsor. Sillc( stnr ficl(ls  arc tyl)i(filly  \isil)lc  ill

a l l  ori(]ltatic)]ls  ( f o r  dcq) s]mcc  IIlissiolls)  fixed  srl Isors  call  it[lagr a swtio]l  of sky,  alI(l  (Ictcrtllillc

t 11( (’O1”l’{’SJ)  OII(I(’IICC”  1)(’1 WC(?1I tll~  il))ag(d  S1?11S  ?111(1  II (“ilt/llOfJ,  of l’Cl_(’l’C’11(’C  St  FIIS S t  O~(Yl  0111)  ():11’(1 1(’ 110

illlc)ltll:ltioll i s  ktlow])  almutl  tllc Cllrrcllt  oricilt:ttiotl, tllc Clltirc  olllmard c:ltalog call  1)( coIIsultd  ill

OK ICI k) (I(krlllir[c  tltc  :Il)l)rol)riatc  ]ll;itcllittp,.

Al~oritllllls that  a~Ilc)IIOIII(  )~lslj  idmltify a s t a r  field  ~vitll  110 a l)rioli il)forltlatioll rq,tir(lillg (,rim-

latioll :Irc idrally suited for  Ilsc i] I at(itlldc i]li(i?lliz:[tic]lt,  suIJ]KIr( of star ( r a c k e r s ,  aIId fIs a 1)[1(’lill])

to l)ril)la]y  :Ittitu(lc  mtilllatioll  systcl)ls. (hIIIYIIl  [X~l)  scl  IsoJs  })ro\’idc  a rclati\rcly  illcxlw}ksi\(  way

to illlag( tll( sl:y all(l cxiract illfmlllatio)l almut stellar locatio)ls  all(i al)lmrc]it I)ri,p,litllcss.  A  rl(lllilwr

of alp,(~rilllllls  for star i(l(’lltificiltic)ll  exis t  (1[;11  call  (Ictcrlllillc tllc Corrcslmll(lcllc(’  lwt\vccl  I tllc \’irl\’r(l

St ii] ficl(l all(l a set of catalog st~rs 111 a I(IIOWII rdcr(’llcc frail le. Kosili  [8] classifies a lIul  IIlwr  ofdi[ltr-

CIIt k.lltliqucs EIIId l)roviclcs  a  cc)llll)ill~ltc)rial  arp, u) IIc  IIt willl wp,nrd t o  illcir  cfl”cctivcl]css  alol Ig with

SOIIIC  silllulfit,ioll  rcslllts, IIowvcr aII cxtcllsivc cxaltlillatioll of IIow IIoisc afl”u.ts  tlIr IWrforlllallcc

alI(l c<JIIIlwtclIcc  of star iclclltifl(’at,ioll  nlp,oritlltlls  lIas  lIot  lNcl I carticd out ill a  systcll)alic way.

III t h i s  IMl)cr,  wc +Ilc illtcrcstccl ill l~rm,i(lillF, a Ilscflll  fl’:llll C\\’ol”li  for ulldcwtall(lill~  alId  c\’alllati)lg

.,.
S(:II  1(1(~11  t,lfl(. ?lt,loll t,cclllll(]l]cs. 11 would  lW illllmssil)lc (aIId Illll)ro(lll(’ti}rc)  to (lo a  cc)llll)rcll(tlsi~(

;Illalysis of cacl  I cxis(illg siar algoritllllls ill tlIc lilcraturc o v e r  tllc clltirc Id IIg C d lmssil)lc scIIsor

(’()] l(i~;  ll]’ilti()l)s.  IIcllcc WC lilllitc(l our ill\r(soig,i\tic)ll to algol’itllllls t h a t  Ill Ct tllc follo}~’illg critcrifi:

o ]{’ll]l\T  :lllt,oll  OIIlo  US”  ( 1 1 0  a ])1’ioli  :lt~i~ll(][’  ]illo\\’1(’(lF,C  l’(’(lllil’(s(l).

●  l{ct, IIr JI sollltiolis l)rol)ll)tly using, llc)l]-sl)((i~lli~({l  IIa]-d  WaW alId  waso]Ial)l($  al II(Jul  Its of’l  Ilcl  IIoly.

11’c lxli(\’c t h a t  ill tllc fl)lllm, sl>ar(crafl (lcsigtl  w i l l  lx to\vat(l sIIIallcr, l e s s  cxJmlsi\c sysicllls

\’1’li II f(~\$’cr Scllsc)w. M(willg  a fully :Iutollol[lc)lls  star track illpj :111( I i(l(lltifi(:ttioll call:il)ility  to citllcr

s(.icllc(  or ]Iavip;  atio]) s(’]Isors clitttitl:ltcs tllc ]INY1  f(m Ix)tll  star trarl{cls iilld S1111 SCIISOI’S  t h a t  ale

cllrrclltly cltI])loycd  ()]1 IIlost  IIlissiolls, ‘J’l Ic t] TII(ls  ill s t a r  i(lc)llific:ltic)ll  all(l trackillp; for  sl~a(.(

cxl)lc)r:itioll  w i l l  lw toward flllly  alltollolliowl ili(’xlrtlsiv(’, fi xd smis(v,  II :ilrmv  ficl(l of vi(\v (jo2)

syslcll)s :111(I our sclcctioll  critcrid arc l)iasc(l  to ref lect  this. lVla  IIy of tllc sttir idclltificat ion alg;oritll]]ls

ill tllc litcratllw fire IIot flllly al ItoIIol  IIo IIs alI(l  r e l y  0 1 1  0111(1  illf(~rltla(ioll  t<) ivcu]i ]JIol KTly. ,SOIIIC

(K)llsll:llll llIC ol’lclll  atloll  o f  tll(’  S($ll  sol’ fou Wltll  tll(’  Ilsc o f  :1 Sllll Srllsol” [is III ‘ ? ] ,  01” tll[’y Ilsc l)l’c\’ lolls[ ’

t(tl it (I(lc cstilllatcs [1 2, 7 ,  17] .  WC arc illtcr(stc(l ill t(~clllli(lues  tllilt lwrf(~rtll  a(lrquntcly  ill  a ly})ical

\\ ’olliSiatlioll”  cllvirolllllcllt alIcl IJrc)vidr  acclllatc sollltimis  cvcl I \vl 1(,1  I tllc s i z e  of tllc o] Il)oard  dalal)ase

i s  \IcIy  ]arp,c as wOIIICI  1)(  tllc c a s e  with s] IIall  fo(?s  ( <  8 ( l ( f / 7 . ( e s ) .

I I I  lIIC IIcxt  scctiol] (lIc  Stlar idcllti(ic;ltic)ll  l)rol)lcIII  is (Icvelolxd ill gIcakI dct+iil  aIId tlIc sl]atcp,i(s

. . .
1 1  S ( , ( 1  1,() Sol\rC It, al(>  CIEISSI(ICII  lllt  C) t,llro  ~,dll(.l  ill /1 ] ) ]  )1’()?1(.11(,S. ‘1’11( algo)itljllls wc sclwtd for  lII(Irr  ill

{Icl]tll waluatioll arc also dcscrilml tlIcrc. ‘1’IIc sillllllatioll  rcslllts of (acll o f  tllc sclcctc(l til~oritllllls

ar(, l)r(wlltc(l t h a t  rdlcctl (Ii(l”cmlt, lc\Jrls  all(l tyjws of SC IISOI ]lois  (~. ‘J’llis ]IIC;ISLIWS  tllc Iol)IIstIIcss  of



●

tllc ;Ilp,(jrillllll’s  lwrfor]]la]lcc aII(l  l J r o \ ’ i d e s  illsigllt ill(() lI(J\v wc]l it IIlip,llt  ])crforlll  0 1 1  II IOIC  diflic(tlt

l)rol)l(IIIs.  \Ve co]]cludc wit]l  :1 discussioli tlIat colIcvlItratcs  0 1 1  1110  diflicultics  clIcouIItc  Iwl \vitll  stfiI

i(l(tllifi(:ltioll for very l a r g e  cfi(alogs ( i .  ( .  stIIall  fo?l).

2 1 ‘roblcm 1 )cscripllion

]’ut  silll])ly,  tlI(  ol).jcct  of tlIc s t a r  id(,lllificatioll  al,c,oritlltll  i s  10 cslal)lisll a cc)lIcIs])O  IIclc  IIcc  l)ctwc(II

/It  lctisl two ])oi IIts ill  lJIIC  SCIISOI  rcfcrcl  Icc  fIol IIc alId  staI lo(zltiol[s  frolII  al I oIIl)oaId  c a t a l o g  iII a

S(, all(lill’(1 ITj’cll’ll cc’ fl’:llllc. III gcl Icral,  (Illis  ])](,I)lcIII  i s  (]uitc  (Iiflicult,  lIowcvcr  for II IOS[  “IIat ura]”, 21)

(llcli(lcall  l)ml)lcll]  itls~allccs  tllcrc arc a  llllttllw] of tcclllii(fucs tlIal ])ro(lIIc(  goo(l  r e s u l t s ,  III t,]lis

sc(.l,  iol)  wc (ii\, idc  t,l  Ic cxistitlg st?lr  idctltificatioll algoritllll]s into a SIII:III  llultll)cr o f  clasws I-msc(l ())]

tllcit forl[l(llatioll  of (Ilc ljrol)lc]II  d]ld tllc data s(ructIlmi usc(l 10 SOIVC it. II I  ad(litioll,  IYC d i s c u s s  IIIC

l)r(Ic(KIIIr(  f o r  ,g(ll(rat,itlp,  al I olIl)oar(l”  catalog  fIOIII  a stdr c:tl:tlog  alI(l  co]  I(llldc  \Yitll  a lIIor( (Ictailcd

(lcs(ri])tio)l  of tll IC alg;oritlltlls wc lI:Ivc  sclcckd  f o r  c\’alllai  io)l,

2 . 1 ‘J’YIJCS  of strallcgies  for siar idcniification

‘I’l  Ic IIlost  colIIIIIolI  a])])  roaclI  ill })1(,1)1(111 forllll[latioll  for St?ll i(lclltificatio]l  i s  to lrcat tllc “lillo\V1l’”

sl, ars a s  \,(~ri, i(.cs ill all Illl(lircck(l  p;raljll C:, witlt tll(~ allp,lllal  Sclmlatlo]l lwl\vccll  cacll  lmlr of staw

s(l\~illg  ;Is t,]lc cdp,c wci~,llts. ‘1’IIc s e t  o f  lmi]lts cxt  rack(l frolll  tllc scIIsor :Ilso forlll :ili ulldircckd

p)ral~ll (;,. ‘1’IIC l)rol)lctII  of i(lclllificatioll  is {lIcl  I cast  as fill(litlp, a sul)p,r:tl)ll o f  G (Ilat is isolllorl)l]i(

t () (j,, Star i(l(llti{icalioll  al~oritllllls tllai ]IIak(  I]sc  of this for)llllldiioll  iyl)ically  rally a datalmsc of

l)r(-((]l,,l)lll,c(l CIistallccs l)ctwcc]I ]>:iirs oj’st:IIs, c)] it, sc)IIIe i]ls(allccs ])oly~oIIs  (Ill;ii]]ly lrin]lglcs). ‘J’IIc

p,(ml i s  tlICII  10 coIIs(Iuct  aII  iw)t)or])llic  sIIl)~ra])l  I(s) frolll tlI( (Ia{al)as(  wi{ll  a  siltlilarly  coIIs(rucicd

SVIISOI  p,ral)]I.  ‘J’]ic  alp,orit,lllils  that forlll lm]yp; o]ts or  lIIatclI  grc)u])s  ])crforlli  stt  Ir i(lclltificatioll  ill this

f:lslliotl [8, 20,  19,  1 ,  7, b, 6].

‘1’IIc  011 I(V II I:IjOI forlllulatiojl”  o f  tlI(  si:tr i(lcllti(i(?ltioll  ])rol)lcIII  i s  10 a s s o c i a t e  a ])attcIII  \vitll

(J/1(11  star ill tllc oIIl)oar(l c a t a l o g . ‘1’IIc  ])attcrll  found  fol aII ill(livi(l(lal  star sIIOUI(I  olIly IIIake IISC

of its ]l(i~,lllx)rillg,  sky cll:ir:ictclist ics. ‘1’llis will allo\v  silllilar Imttcrtls to lw collstruckd frolil a tile

s(~ll sol 111121  :,C. ‘J’IIc p,(ml o f  i(lclltificatio]l  is  to fillcl lIIC catnlog Imttcrll t]lat is  cl(ms( to tllc SCIISOI

])at  t(rll g(II(r:Ii(Yl  usi)lg scl Isor s t a r  sj. M o r e  fortllally, gi\e)l a l(xatiotl v(ctor f~~, for  a star c~ ill t,llc

OIII)();II’(1 (“:lt;  hog, tllc  goal i s  to fill(l  S()]  11(’ f~lllctioll  j’ that p)(llcr:ltcs  l):lttcrll  ~J~. ‘1’IIC illl)ut, to ,f i s  /1

llCl~,l  ll)[)l’1l(l  [1(1 1’(~,1[)11  ;ll’O 1111(1 tll($  IO C? 111  OII” \r((.t C)l’ tll?it  (’OIIS I S I S  of 111( C, Xl) C(’t ((l Slis f[)l’  tll?lt I’($,1011 >1S

\’i(,\vc(l I)y tllc SCIISOT  (for  clarity, we \vill asstllllc that j (O;) i s  su[licicllt to ill(lic:lk tllc rcgiol)  al)out

St:il  c,) ld(wlly  .f Sllo,lld  ]Iav(’ tllc ,)ro])clly tl,t,t:

‘1’1)( (  lmrfilllctcl (Icfillcs  a  llcip)lll)orllc)c~(l  aroul I(l  cacl  I c~itul(,g l)attcrll ill odcr to j)rcvcl)t l]l~trllillg

a l)altcr]) g(~ll(, ratc(l I)y a scllsor s t a r  Ivitll  II() c o  I  ws])())l(litlg  cat  ~llop,  star.
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l“ip,(lrc 1:  l’rolml,  ility distril)ul.ioll  for  \ic\vill~ Ar stars ilI all oriclllatioll for  a 4 d(p,tcc radills ~mJ foJ

slam (IOWII 10 IIlagtlitlldc 7.b.

1  II csscl  Ic(s, t h i s  a])] )r(m(]i  attclll])ts  to (lcri\’c  a sigltaturc, ulli(]uc  for ca(”l  I star ill  tlI(  catalog, tl121t

(’:111 })( follllcl  \vlI(ll  vi(\villg ll)r scctiolj  of Sli~ \vil,li  tllc  S[:II  ill it. Alat(lji)ip,  SC~li  S t,c~  fill(l  tlIc  clcwcs[

(’{ltillo~,  St [Il.  sip,  tlal(lrc  to a givcll  Sc]lsol  St :Ir’s sip,llat(lrc. A  (l~it:[l)~is( for  t h i s  ~l])])]oii~ll c o n s i s t s  of

tllc ])attcrlls  for Cacll Olll)oard  cat Rlog star, tyl)ica]ly stored ill a 1001(11]) or II;(d) tal)]c for  cflicict[cy.

Algoritllllls cllll)loyillg this al)l)roac]i  include [13, lo, ]2].

2.2 Ollboard  star CAalog

‘1’]1(’  oll])():lld  S(<lf C?lttl]OF, {:, is sitlll)ly a sulwt of illc stars }Vll(w locat ions  arc ktlowlt  ill +1 standard

ITf(’1’(’llcc  fralllc. l’;acll ctltry 7’ ill C; w i l l  tyj, icalljr collt:litl  a  locatiol] \r((hr O; a]lcl alt ?Il)lmrolt

I,rip,lltllcss  \rillll C lJi, l)ccidill~ \\llicll  lmrtic(llar stars to illclu(lc ill C;  i s  a d(cicldly (Ii[liclllt t~lSli.  ‘I’l Ic

s(l((t,ioll  Of t,]lc  st, am i s  dclwll(lcllt 011  tlIc raIIg( alI(l  ~ov arc:!  o f  tllc  s(’l  Isor, tllc  al~(~ritl[ln  Ilsc(l fo]

i(l(lili(i(’?ltic)ll,  till(l tllc (Icgrw of’ c(~llfidcllcc  rcquiml ill iclclltifyitl~,  all arl)itraly star f i e l d .  ‘1’llr p,cml

i s  to lIa\’(  a roughly  ulliforlll distril)utio]l of stars across lIIC sl<y cotltaillc(l ill c so that, tllc clloscli

i(l(,llii(i(’tilic)ll  alp,oritlllll lwrf(~rltls  collllwtcll(ly over  all l)ossil)l( slmcccraft attitllclw.

‘1’o p)cllcratr a  sllit:ll~lc  (~, wc ]Icc(l to fit)(l tllc s(4 of st?(rs  tllatl  arc likely  to IW illlagcd I)y tllc

s(IIsOI,. [Isitlp,  a st, al)(lar(l slay cata log,  \vc (a]]  fi]l(l tll(wc  s[am whose  corrcctc(l al)lmrc]lt I)rigllt)lcss is

p,r(,:lt (] tllall lIIC IIlillilllllltl s e n s i t i v i t y  o f  tll(,  s(IIsor, ‘I’l  Ic skllar IIlagtli{u(lc  \Jalllc  givcll  ill tyl)ic~(l  st,a]

c a l i I l o p , s [ 1 1  , 9 ]  i s  ]lot  ]Icccssarily lI,c sa],lc value ,J,cas(lrcd du]i]lg i,llap;i])~,; i{ IIs,,ally rcq{]ircs  SCJ],,C

IIorlll:ilix:({iotl” }vitll rcslwct to tllc se IIs(Jr,  l,cilw  [ 1  ( ) ]  (lc  II IOIIslrdt,CS lIo\\f to (wtilllal( th is  v:tlllc  fol, a

4



p,ivcll set  of sctlso] lmraIIIdcrs. Not a l l  of  tllc stars l,rip,l)trr tllatl tllc Scllsor>s IIlillillluttl sc]lsitivi(y

slIoIIl(l lW iIICIIId  Cd  ill (;. Stars \vllicll  :irc closr 10 cac]l otl Icr \vl Iel I iltlhp,cd o]l tllc focal j)lallc ( e . g .

lJiII:,IjJ  stars) trIId to i,lt(rfcrc wit])  cacll  olllur duritlp;  local izatio]l and IJliglltllcss (Ict(rlllilllltioll.

oilI(r stfirs  lIavc  \viriRl)lc  l)rip,llttlcss. ‘J’lIc locatio]l allcl l~riglltllcss IIlcasllrclllcllts  for tllcsc  two

(’lil  SS(’S  of” St~ll’S  al’(’  11111’Cli211)l  C ~11(1 ;IIC l’C1ll(J\JC(l. ‘1’IIc  relllaillillg stars (Ila(  nrc usually  dctcclc(l  I)y

ilI( s(lIsor,  s e r v e  a s  tlIc  s e t  fr(m I wllicll  (~ i s  g(sII(ratc(l.

‘1’IIc  (Iistril)lltic)ll  of stars is  IIot uliiforttl o v e r  tllc sky So]Iic  oriclltatiolls \vill lIa\Jc III:LIIy ]IIC)IC

SitIIS  tlIai Illc  SCIISOI  i s  l i k e l y  to illlage tlI~III otllcrs (SW IJip,,,w 1 ) .  ‘J’y,,ically,  tl,c slar iclcl)tific:,lio,l

alp, ot illllll \\’ ill r e q u i r e  SO]IIC constant llu]]]lmr  of st iirs A > 2 at, c\’cry  oriclltal ion to i(lc]ltifj~ a  s t a r

[icl(l llll:lllll,ip,~lc)llsly.  ‘1’IIc \Ialllc  for k dclw]lds 01) tllc ;Ilp,o]itllltl  atld  tllc cxlmkcl lrvc]  of IIoisc  ill tile

itllap,c,  l,ittlc or 1]0 IIoisc  allows for ti~lltcr tllrmllol(l tolcr:tlicm  rcsultill~ ill fmvcr (listallcc/l~]ip,llt ]Icss

II Int(l Ics lwtMKwlI  slar lmirs or star lmttcrlls. III tlI(w c a s e s ,  k  cal  I Iw Iwlucc(l  w i t h o u t  rc(lllcitlp,  tlIc

j)rol)dl)ility c,f iclclltifyillg tllc star field.

If wc w i s h  al ]cast  k stars ill cvc]y oriclltatio]l, lIIC]I  SOIIIe  cri(cria w i l l  IIaw to l)c usc(l to s(lcct

t  Ilc IX?+(  stars fol” c . ‘J’yj)ica]ly  tl)c  l)riglltcr  star+ ill ally  givctl  scllsor ~o!j arc lIIorc relial)]y itlldp,cd

:111(1  cx(ract!c(l  tllzlll al’c [Ill 11111 cl’ St al’.s. A  sittll)lc sca]l  OVCI tlIc  ctltirc s1<J, C:(II IK collducte(l \vitl]

il)o rclllaillill~,  stars. ‘J’llc I)riglltest s t a r s  at C:I{II oriclltatioll ill tlIc s(lIsoI  jOIJ  CaII Im l)liiccd  ill C;.

A  silllilar stratcp;y  CaII IW uII]JloyC(l  wit]l  tlIC ol)j(cts  iltl:(gc(l  I)y tllc SCIISOI ill or(lcr  to lm. atc  likely

clc II I(~IIts  of C; ill casm  wlIcrc IIIC illlhgc contains  lIIal  Iy st?(rs.

3 SC?](?CLCXI  algorithm Ckscri])l’icms

\\)( (II(MC  10 (IwlIIatc  llIIcc of tlI(, cxistill~  stal idclllifica(iol[  alp,(witllllls  using tlIc cxhactioll  scl  Icl IIc

for C; a s  (I(wril  d almvc. ‘J’w(J  of t Ilc  alp,oritlltlls sclwt c(l treat idctlt  ificat  ic)ll a s  a  slll)gIal)lI  iso-

IIlorl)l)is)ll  j)rol)lcl II wllilc tl]c tllid loC)liS  to cslal)lisll  a  Corrcslml)(lcllcc lmscd  011 a I,cs( IIiatcllillg

Imttcr II. \Jrllile  this i s  IIot a cmII])lct(  sllrvcy  of lIIC cxis~illp,  t(vlllli(]ll(w, tlIc  alp,c)ritllllls  s(,lwtc(l  arc

l(l)r(s(llttiti\c,  N!aIIy  o f  tllc  rc]llnillillp,  al~,oritlll]ls  ill tlIc litcratllrc CaII l)c collsi(lcrc(l  a  vari:ltioll  of

(lIIC  of lIIC tcclllliq{lcti  wc sclcckd. Most of tllc oll]crs arc citllcr ullsuilaldc k] fully auto]lolllous stiir

i(l(lltific”:itic)ll  or woul(l  Im l)lOllil)iti\’cly  cxlwllsi\’c  \vi(ll  rcsl)cct to co]l Il)lltillg  rcsourccs, cslw.ially

\vitll  lorgc star cattilogs.  ‘J’llc alp,oritllllls sclcckd itlcllldc a tri?lllp,lc IIla(cllillp,  al)l)loacli,  o]lc I)dscd

011 forll]illp,  II IatClI grol]l)s  or lmlc stars, all(l finally a  IIa(tcrtl Imsul al)l)toacll usitlg all oriclltcd  gti(l.

3.().1 ‘J’Ioi:IIIgl(:  alg{)ritllll]

‘1’IIc tri:lll~lc idclltificatioll algoritlllll i s  H \ari{illt of lwrl]alx+ tllc lII(Mt  COIIIIIIOII”  c(lrrclItly usd tccll-

lli(lllc. ‘J’]lis  a])l)ma(lI i s  silllilar  t o  tlIat  oll(li]lcd I)y [ 6 ]  aII(l attcl]lljts to l]latcll ulliquc]y a  tri{lllg,lc

(.c))lfip,llr:ilic)ll 0 1 1  tllc  scIIsor w i t h  al I ismlm])lli(”  tli:llldc f’lolll  tllc Olll)(l:lld  Cil{  slop;.  Oltc o r  two

IIlet.llmls  aI( t,y])ically  used ill idclltifyillg  isol]lorl)llic trial )p,lcs: citllcl SAS (si(lc- allp,lc-siclc)  or S S S

(sicl,-sicl<-siclt). II, our i],l,~lc]]]clit?itic)li, uw CIIOSC to I]SC SSS  \vllicll  requires  (JIIly a sillglr  tlIrdIol  (l,

((/,  10 cstal)lisl) mlgc  ]IIfitcl Ics. ‘1’llc otl)cr tcclllliqllc ,  S A S ,  i s  also al)l)rol)ri:ltc (and lXS]II:IIM ]tIorc
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1
list.  2(diwuwc(  2,3), id+l)

s
c s

L lisl.  3(disl:,llcc( 3,1), idfl)

(idfl)

s Ss ‘1’li:lll~lc itdcki,, ,k -...——

flcxil)lc)  lJIIt wollld  r e q u i r e  two dif~crc]lt  tlIrcslIol(l  ]mralIIctcrs.

‘J’() acllicvc cfliciclt(y  ilI (riallglc  iclclltifi(:ltioll, tlI(w  trial lgl(s ill C  tlIat  ar(’ \’ic\val  Jlc ill a sillglc

SCIISLJI  (]ricllti~t,ic~ll  IIlust  lm idctltifid i n i t i a l l y  atld  S1OIMI  ill a (Iatal):lsc. ()(llcr\vise tllc cost, of

p,ellcratillg;  all l)ossil)lc  triangles ill C  would  I,c iilcurrcd for cacl  I i(l(’llti{ictltioll. 1~[)1” Slllilll fou’s  a n d

l:lrp,c {;s, this would  lw I)rollil)iti\c. ltl ollr filp,olitlllll  wc i]ltl)lcl[lcllt this datalw-w a s  tllrcc arrays

S(JI1(XI  I)y al Ip, IIlar (Iist,  atlccs.  ]tacli array llol(ls  tlIr dis(allcc of a sillglc leg of’ a ttiallglc and a  utlicjllc

]Il]tl]lm tlltlt idel)tifics tl]e iriallglc.

‘1’() gcllcl’:lk  t!ll(!  (Iatfillaw ,  a  collsiskllt  l:tl]clillg  o f  cacll  triallglc ill (; i s  rc<jlliml. Our lalwlillg

i s  l)ilSC(l  011  tll C :Illp;lll;ll sclmlatioll \’~lll  CW  O f  all  :11’l)i{l’ill’y  Catalog t  riallp,lc,  A(’i(’j(’}:  ‘1’IIC ZIllp,lll?il’

sclmrat,ioll vtilllcs  lwiwml cacl  I })air of vcr(icw arc calcll]at  cd alId Or(lcrcd,  o <  11 <  c. ‘1’llc vcl(iccs

t:III tllcll l)c Illliqllcly lal.mlcd sllcll tllatl  v e r t e x  1  sll:lrcs lmt,ll c{ all(l c, Vcl’kx 2 Sll:llw  a all(l  1 1 ,  all(l

vcrt(x 3  slIarcs 11 aIId c. For  cacll  tri;kllp;lc ill C;, a  Illliquc  idclltificatio]l  lIllrIIlrr 71 i s  ~,ivcll  alId  et Itcr(d

aIOIIr,  wit]]  o, h, 01 r into OIIC  o f  (lIWC lists (Iist.1, list.?, 01 list L3 rcs]mliwly). A f t e r  all lriallp;lcs

froth C  arc CIIICrC(l,  tl]c  l i s t s  arc sortc(l  I)y (Iista]lcc  so tlla(  ralIgcs  CaII IW cxtractd  ill ~)(log N)

lilll(  usillp,  a l)ill~ry scawl  I [15].  ‘1’llis  distallcc d:ltalmsc is Ilsd’111 for  cx(rac(illp, tllc c a t a l o g  tri{(tlp,lc

idclltifica(lioll  IIIIIIIIWIS lmml 011 lcg  lrllgtll.

A  t.:il)le c;I1luI tl]c tri~llglc ill(lcx  i s  used to ]iold tllc vcr(icm associatc(l  with a ])a~ti~(]lil~  catnlog

triallglc. ‘1’IIC tria]l~lc i(lclltificatio]l  lIIIIIIIWI s e r v e s  aS tlI( tnl)lc locatio]]. At caclI  locatiotl, tlIC

c:ltolo~;  st a] for  cncl I vcrkx  is idclllific(l. ‘J’l  Ius tlIc dislall(c  (l~t?ll)ilS(’  scr\’cs  to i(l(lltify  tllc  jmrti(ular

tria]lp,l(  tIIId  tllc triallp,lc illdcx lmatcs tllc cc)rrcsl)oll(lillg  {’~lt~llw st~ll’s. l(l(lltific:ltiol)  i s  I):lsul  (JII

(I(t(rlllillillg  wllicll  c:tlalog triallg]c  lm~ (orrcslml Icls to a p,i\’(11  scli Sol  tl”iilllglc.  lri~urc 2 l)rovidcs

al I overview of tllc si~tliflcallt stcl)s ill tllc trihllp,lc  i(l(tlti(i(”?itioll  algoritlllll.

(i



A  tria IIgl( fro]]] tlIc scIIsor  ittlap,cj  Asisisk is lalwlcd ill lIIC SaIIIC ItIalIIICr as lIIC catalos triallglrs.

II;<ICII  lq; siw is  used  to  illdcx tl)c al)l)rol)rilttc scctio]l  of  tlIc  distance dfitalmsc  and find  all tri+~llglc

i(ltllli~i(’?itic)ll lllll]llmrs \vitllill :1 [</. A  ct)u]ltc) tissociatccl  \vitll  cacll  catti]og triallglc is illcrclllclltc(l

for cacl  I idclltificatlioll l]utlllwr d a lIIatclIcd lcp,. A  SCIISOI  tria)lglr tllilt II IatCIIm  tlIIW  (dp,cs with a

cata]c)p,  tria]lp)lc  i s  collsi(lcrc(l  isolllorl)llic.  ‘J’l Ic ill(livi(luals  slaw  of tlI(:  catalog  arc tlIcll lmiml lvitll

tllr lalwlul sr]ls(~r stzirs  usiilg tllc triallglc ill(lux.

‘J’llcrc :trc  two ]tlajor difficulties wit]l  tllc tria]lp,lc  :llp,oritlltil  that still IId to lw :tddrcsscd.  ‘J’IIc

fi IX( l)rc)l)lc]ll d e a l s  willl ]Iow lIIC scl)sor  trial lp,lcs  aw forl])((l. IYo]tl Pip,urc 1 i t  i s  olwioils that if

lri;lllp,lcs  arc II IZI(lC  for cacl  I wt of tlIwc stars ill tlIc scl  Isor , aII illor(lillatcly l[trgc  ]IIiIIIIK’r o f  scTIsor

(l’iilllf, ](% }Vill go t]ll’ollgll  tll~  IIl?lt(’llillp;  I)I”(JCCSS. IIowvcr, tlIc  IIII]IIIKV  of sltiw ill (; is  almut k  lwr

orimll  atio]l I>y collstrllc(ioll. llc]Icc  w cal I li]liit tllc l]ut]]l)cr  of stars f’rolll wllicll  scllsor triangles arc

(’OIIslructd  to tlIC  l)ri~lltest  ok. ‘I’l  Ir o l(rIII IICI]K  ills{lrc  tlIat  IIIOS1  o f  lIIC s(sIIs(Jr  stars tlIat  arc a l s o

ill [: arc avail  al)]c to lW II Int  CIId. Otllcrwisc  lIIeaSIIICIIICIIt  IIoisc  ill l)riglltllvss  (lctcllllill?ltioll  ll)i~,llt

illll(l\el((tllly CXCIII(lC stars that w want to itlcludc.

‘1’IIc S(CWII(l  ]) I(,IJcIII  lIas to (lo with (valuati]lg  tlI(  II IatclIccl  s(IIsc)r/c:It:Ilc)p,  s1211  ]mirs, ](lcally LVC

IvOIII(I  like to correct ly  i(lclltify as ]IIa]Iy sctlsor stars as }xwsil)lc sillcc  t,llis wolll(l  iyl)ically l)ro\idc

II Iwttcr cs(illlatcd a t t i t u d e  [16]. ‘J’llis suggests  t]lat all tllc l])atcllwl sc]lsor  triatlglcs Iw usc(l  ill

p,(llcratill?, lIIC c(Jrrcsl)c)IIclcIIcc  (illstcad  o f  tlI(  Imi lIIat(lI(d  triallp)l(,  fol illstallcc),  ‘i’lIc ])IWIJICIII

i s  that, SOII)C of t,]lc sciisor triangles  lIIatclIcs  IIIay lm s])llriolls  (i. c, tlI(,y arc ]miwd  \vi{ll  tlIC JVI(JIIg

c: Itt  Ilo?,  triall?,lc).  ‘1’llis occurs WIICII a SC IISOY triall?,lc is lllatcllul with ]Ilorc  tllall ollc  catalog tri?lll?)lc

or {i sc]]sor  tria)lglc ])0{ ill (; is itl:ll)l)lc)l)rizitcly  idmlti(iwl  \\’itll a c a t a l o g  trial lglc. ‘J’llcsc cases a r i s e

IW(IIUSC ]Ioisc  a]]d lncasllrcltlc]lt cvmr  m]uirc l(mscr  tol(rdlI(w  forcing a  Iarp,cr valllc for ((1 wllilc

]tIIp,c II UIII]WIS o f  cata]q!, (ria)lp, ]cs mjllirc ti$’,ll(cl” tolcriIIIccs (o iilsurc utliquc]lcss. ]11 I(IIy cv(IIt,

SOIII( II Ictl  Io(l II Ius~,  I)c  USC(1  1,() IWIIIW 111(,  I)ossil)ility  of itl(<)rrc(tly iclrlltifyitlp, al I itl]ap,ccl  swtioll o f

Sl<y ~vil,ll  a s])llriol]s  triallglc lll?ltC1l.

OIIY  so]utiml  i s  h iliitially M’IIIOVC  atly  III:!klId C:I(ZL1OF,  triatlp,lc if tllc al)lmmlt  l,ri~,]ltlicss  of ;IIIy

sl:lr ill a l,(~lcx  i s  II(I!  \vitllill :1 (~,  ()[ tilt  I)riglltllcss a l  tllr (orr(sl)oll(li]lp,”  Scllsor  \’cltcx. \\)llilc t h i s

(low clliail tllc IISC o f  allotllm I):~raIiIct(r  ((lclxII(lcIIt oli sci]so]  :iwuracy)l it sIIOL]I(I  scrw 10 ]Ilakc

ca(’11  d’ tl)c c;ttalog triallglc lilorc ulliclllr  rcsul(itlg ill fewer  sl)urious  ]IIa(cl  Ics,  OUI fitl~l cvaluatiolj

st(l) i s  to 1001( at, tl]c lcwa(io)ls  o f  (III slors iclctltifiul. I f  llICM :LW ]Io sl)urious  II Iat CIICS,  all lIIC

i(lclltificd s(firs should lw wi{llill  a sitl?,lc  fov  diallictcr. \Vc call  usc  this idea to warcll lIIC idclllificd

loCilti(,ll  S for tllc alca wit]]  tllc g r e a t e s t  IIllllll)cl’ of slal’s.  l’ro\ri<lcd that  tllr Wllso]’ folj is Sttt;lll w i t h

Im]m.t to tlIc  mltirc  sl<y aIId  sl)urious IIlatcllcs ocrllr Illliforlllly o\’cl  i{, lllorc lllall tllrcc idclltificd

stars ili  a si)lglc  awa  i s  ~oo(l  cvi(lc]lw  that tllc IIlatcllcs arc IIot sl)urious, ‘J’IIOSC  idclltificd stars

])()( ill tllc area arc KVIIOVC(l a s  sl)llrious. ‘1’11(,  idclltificatioll lmrt,ioll  of tllc triallglc algoritllll) i s

slltlllllariy,ccl  lwlo\v.

1 .  l~illd tllc l)rip,litcs(  ok ol)jccts frol)l  tllc s(lIsor i]llag(

7



3 .  IJc)r  C;ICII trialIglc,  lal)c]  tlIc  vertices, alI(l  itl(r(,tll(~ll{  :1 trial  lg]c  i(l(~]ltificatloll  colllItcr f’or C:ICII

cotalog,  cdgc  tlIat  i s  witllitl  :1 fc{ o f  tllc aJ)l)ml)riatc  scllsor cdp,c.

4 .  I“c,I c{Irl I colllltrr wit]l  WIIIIC tlIIW,  (I(tcrlllitlc  if tlIc  IJrigl[t]lcss  for c21c11 lalwld WIISOI  VCI.(CX

i s  witl]il]  4 f~ of  corrcs]x)llditlg calalog star. If tlIcy  are, ])111 tlIc star lmirs ill a lIIatclIcd  l i s t .

[). lf’tlicw arc  II()  itcltls ill tllc lIIai(,lId  lis( ill(lirt[tc f a i l u r e .  ()(llcrivisc  clicck  to sw that all catalog

sl, ars arc }vi(,llill  tllc sfilllc  SC]ISOr  ~OZj (lialll~t,(l. If’ tllcy arc IIot and a lar,grst grc)lll)illg  of’ca(alos

S1:II. S cxlst, s \\,)t}Il]I t,llc sa)]ic jol~, CCJIISI(I(*I  this  ~,t.olll) tlIc  l(l(sIIt,IfIc(l st, a]s,
.,

I f  110 I?ll’&cst grou])

e x i s t s  (they arc all of qIIal size),  illdicatc fnilllrc.

‘1’11( lIIatcl  I p,to~l])  alp,orillllll i s  al Iotl I(r (0111111[)11  a])]) roiIcl I t o  slar i(lmltific+ltio]l  t h a t  SCCI<S  to fill{] al I

iso]tlorj)ll]c sIIIJgI,a])lI  III tlIC catalog,  for a  s]w(.  IfIc  cc))lflp,(lt,atloll  o f  SCIISOI stars,
.,

‘J’llis klllliquc IVaS

first discllssc(l  I)y l{ OSili  [ 8 ]  a n d  furtll(’r  wfillcd  l~y  otllcrs  [ 1 9 ,  1]. ollr ili)])lclllcllt:ltic)ll  and dmcri])tioll

of tlIc  lIIotcl  I grou]) [Ilgoritlllll  i s  cssclltially  a s  (lcscrild  l)y val  I l)mooijc]l  [ 2 0 ]  tlI(JllglI  \vc  d i d  IIOt

f’1111~~  Illiliz( :111 of ilIc \(’rificatioll  st(])s  ]Clx}llc(l  tlI(rc. llIst ca(l,  \\c  silll])ly  CIIW1< for tllc larp,cst

set of” s(, ars ill C:ICII ]IIatcl  Icd grou])  that ]IIN4 lIIC dis(}ttlcc  to]rra]l cc, \i~llilc  otllcr verification s{cl)s

colll(l  ccr(t(illly lW cItI1)loyc{l tl]at lllay IIlarp,illlllly  ittll~rcwc tllc i(lclliificatioll  rate, Jrc arc IIlaillly

illtcrcst(,(l ill tllc lm,forltl?~llcc  and cml]lwlmlcc of tlIc  ulldcrlyil]g  algo]itfllll  so it i s  OIII illtc]lt,io]l  to

II:IVC lIIC vcrificatio]l  stc])s Iw as sitllilar as  ]mssil)lc, ‘1’llc Vcrificatioll  ste]) clll],loycd I)y tlIc  ]IIatcl I

grc)lll,  algoritllltl i s  II I(,JC lmltrcrf’ul tl)all tllosc IIsul  l)y tllc tliallp,lc allcl p,rid alp,oritlil)ls, I)ut  tllc

i(l(llli(i{:[(i(]ll  s(rate~y rcqllims :Idclitiolial  Cll U”lii Ilg 10 l)rcsrrvc i(s illl.ep,rily.

‘J’l Ic i(lca  ill t h i s  algorit]llll is to find  a cat:Ilog star (Jd( sloj) wlIosc  dista]lccs to i ts  ]Iciglllmrs

i s  ]IIC)S1,  si]llilar  (,() a giv(~ll scllsc)r star allcl its Ilciglll)orillp)  s(ars (s[ll(lllt(s). ‘1’IIc (c,llfig,[ll:itioll  to IW

III;IICIIUI  i s  SIIOWJI ill tl]c Ill)lwr  left  ]mII(l  of lrip,urc  3. ‘J’llc disl?lllcc  frolll tltc  ]mlc  s t a r  1 0  CaCII  o f  lIIC

(1111  (’1  SC II SOI”  stars  is IISCY I to illdcx a t:lljlc of (Iistallccs Iwtwccll  lmirs of stars ill C; WIIOSC distallcc i s

less  tll~]ll tllc ~ot) (Iialllctcr.

‘1’llc clltrics ill tllc tal)lc collsis(  of a  distallcc \alllc al)(l IJ(,itltcrs  to llic two ca(alop,  stars. ‘JIIP

1:11,1( clltrics witllill  4 cd o f  lIIC scllsor dista]lcc fire IOC;IIUI Ilsill$  tllc s t r a t e g y  dcscrild for tllc

lri:lll~,lc  algoritlllll (I)illary illtcr\al scarcll). ‘1’IIc  l)rigllttlcss  values  of tllc c~[talog  s t a r s  NYC u s e d  to

(I(trrtlliile lIIC al)l)mlwiatc IIlatcll I)ctwcrll  (lIC sr)lsor scp,lllcllt  a]l(l cac]l  ]IIatcl  Icd cz[talog  scp;ltlcllt.

I f  lIIC l)riglltllcss v a l u e s  arc witllill  :1 ((, for lmtlI  C)ldlmillts,  tlIC SCgIIIClIt  is Collsidcrd  II IatcIIrd.  11 i s

I)(wsil)le l,llat  tllc cattl]og scgttlc]lt could II Iat(.11  ill i\v(J  IV:Iys, iII wlli(.11  (.as(~  lNIII  II IntClICS  IICCd  to lx

itl(.ll)(l(xl.

011(  ’(’ till of tllc lllatdlwl  c a t a l o g  Scp,ll]clkts  arc (xt lactccl  fro]])  tlIc t  nl)lc,  tllc  :Llgoritlllll  (lctcllllitlcs

t II( lal’p,(wl  IIl:lt(’11  g y ’ o i l ] ) . Sillcc  lIIC lm]c star ill tllc sc]lsor  al)lwdw ill c:Icl I of tlIc  scglllcllts  IISC(I  ill

itl(l(xi]lp,  llIr tal)l(,  its corrcsjmll(li)lg;  (’;it  alop,  star slIoul(l  a])Jxs:17  ill tlI(,  set o f  lilatcllcd sc~tllc]lts for

ctlc]l s:i(cllit,  c star. I)UC to ]IIcasurc]iIcIIt error, t,llc ad(litioll  /loss of stars fro]]) tl)c star fic]d,  al]d  IIoiscj

Illis ]llay  IIot Iw tlic c a s e  I)ut  ]argc ]IIatclI  ,P,KJUI)S  do l)rovide good  Cvidcllcc  that a cc)lJcsI)c)]Icle]Icc
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l~ip,ure  3 :  ‘J’IIc  II I: IICII groul) s t a r  iclclltifi(ati(Jll  alg(~ritlllll. Scc text foI dcstril}t iol].

IIIdy (xisl,  ‘J’IIc  lower  l e f t  lmltcl  ilI IJi.gurc 3 (l(IIIOIIstratw  a lIIdlI(d  for lwcj)itlg  track of tlIc lIIatcl  I

g>loll])s.

lt~I(lI  III:ItClI g, IwI]) i s  idcl]tificcl  l)y tllc Catalop, star ri, ]miml w i t h  tll~  s~Jls(J~ ])(~1~ si:l~ s}). IJor

tl)( ctldlmitll  zissociatml  wi(ll  c t]!, IC c’?lliilog stal 1(1( ’lltificatloli  11111111  WI i s  CIIWC(I  itlt,o  II I:I(C]I  gI()\Ij)

7’  1111(  ICI’ Its Colic  s])oll[llll  p;” Scllsc)l  Slar. After a l l  tl)c  ctiklo~ scg)[lcllts IIavc lwctt  CIItm(ll  tllc ]Ilatcll

p)rou])s for tlI( IJar(icular clloicc  of  ])01( stars is COIIII)IVIC.  A s  \Yas tl]c  case for tllc tri~llg;lc  alp)oritllltll

this I)rcwccll]rc is tllcll rcjwated wit]) otllcr sm)sor  st:trs so  t]lat o k  s(ars arc l)lxmwscxl.

After filldi~lg  tllc ]t}ill~ll  gIOII]M for CaCII of tllc S~IISOI  ])oIc stals, tllc IIcxt  sl(]~  i s  to (Ictcrlllillc

wllicll  (JI tlie large IIlatcll grolllw  ale collsistcllt. ‘J’llis cal  I Iw (Iol)c  l)y verifying that tllc satcllit,c  s(ars

ill lIIC lII; ItCII g,roul) aII(l tllc  associatd  ctiklog  stars  /Ir(s witlli]l tol(’ral  Icc. or coul’sc  IIlally of tllc

JIl:lt(  ’11 g,l’oll])S WIII l)C l’(llllll(l~llt LIS  tll  CJ’ 211”(’  tll(’  S; IIIIC SC(’(I(JII  O f  Sli~ (“( ’llt Cl”(’(1  011  Cllfl  C~Cllt  ])01(’  Stal’S.
. .

A s  tllcse are e a s i l y  idclltificd,  t]lcy  :irc  rcIIIov(d aII(l sillll)ly trcntcd as a  sitlglc IIlatcll gK)ul).  ‘1’IIc

Iargcst  unlsistmlt IIlatcll gwul) is tllcll collsidcrul llIc  .aI)l)rol)riatc  cc)llcsJ)olI(lcll((. ‘J’llc :Ilgoritl ItII is

sullllllilrixcd  Iwlot!,.

1 .  IPil)(l tl]c l)ri~lltcst ok ol)jccts froli)  tllc srlIsol ittla~,c.

2, Nltlli(  Cil(’11 of tllc ckk olljecls a })01(’  Stal”, c:ll~lll:ltc’ tll(’ distallcc l)~tlvc~ll it ?Ill(l itS IIcip,lllmrs,

:111(1  iilld  tile scgi]lcllts ill tllc distallcc clatalmsc wllicll  arc (lIr stilltc  sim :1 {((.

:{. 1“01”  ca(’11  Sc]lsol’ grolll), if lmssil)lrl lalml  tllc vcrticcs o f  c~icll ratalop, Scgl,lll(vlt  so tll+lt tllc
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IPiguw 4 :  l’attcnl for)l)alio]l ilI tlIc  gti(l  alp;ori{ll]}). Scc t e x t  for  (Icscrij)tio]l.

lll)])lc) [lCllt;ltioll of 8 I)it \JcCtCJl 2111[1  tllc (’olll])?llisoll” [)f tll~  SCIISOI  ])?iil  C1’11 wiil]  C:l(’11 (’iltHIO~j  ]):it  (Cl’)]

is lII(Ir(~  i]]cflicjc]ll  111 all  1s  IIc(,(wsary, ‘I’l Ic l ) i t - v e c t o r  i s  tyl)ically  q u i t e  slmrsc, C1lOIIF,  ]I S() (ll:lt  Silll])]~

Ii{ ’{s]) illp, track of  cacl  I gricl ccl] wit]l  a star ill a list uses  l e s s  lII(lIIory,  ‘J’l[is altclIIatc rcl)lcselll?itic)ll

:IIS(J  sII~p,(wt,  s a cml~,cllie]]t st,ora~,c  IIlccllallisl[l  for  t IIc (’/ii al(Ig ]):1( tcrl Is. 1 IIstca(l  of liec])illp; all array

o f  (al ?Ilop,  ]mtkIIIs, cacl  I ]mttcrll CaII Iw cIItcrc(l  iIIio  a tal)lc iII(lcxcd  l.)y grid  ccl] locatic)]l.  A  t{ll)lc

entry is siltl])ly  a ]mi]ltcr to a cat/Ilog star tl)nt lIas  tllc cc)ricsl)oll(lillp,  g r i d  cell ill i t s  ])at,t,crll.  ‘1’IIc

i(l(l)tili  (”atic)ll  ])r(mss  for a scIIsor  ]mttcIII is to rca(l  tlIc  clltrics ill tlIc  t al)l( at, cacl  I gri(] l(watioll wit 11

?I still, illcrelllellt a  colll]lcr associatd  with cac]l il](lividua] s t a r  ill tlIc  tal)lc ctltrics, aII(l li(y]~ t}lc

[,atal (y, stay ill(lcx  of tlIc coul)tcr  with tlI(’ $rcatcsl V a l u e . ‘J’l Ic stal ]mltcrlI associatd  \villl  (Ilis  star

is 1,]1(11  t]lc c1OSCS1,  IIlat,cllillg  cattIl(Jg ]mtt,crll,  If tlI(’  lIul  IIlwr  o f  llItIlclles  i s  greater t]lall a  tllrcsllold

]J;II;III  I(tcl  ((l(wcrilwd  e a r l i e r  a s  () a II Iat  Cl I occurs Iwtwwll  t II( SCIISOI  star aIIcl cat s l o g  s(,a I at, t II(:

c(’IItcr  of (aclI rcs]wctiw ]mttcrtl.

A s  w a s  tllc C;WC ill tllc first tww algoritllllls, wc arc oIIly itltcrcstc(l  ill forlllillg  ]EItt(YIIS for SCIISOI

S(; IIS  tlliit,  ]l:I\rC a  COI’I’CS])Olldillg  C~ttllop; S(  111  so t]lat  }$’(’ 0111)”  SCIC(’1  tll(’  (lk ])1’ip,lltCSt  St?ll”s  i l l  tlIC SC II SOI’

ficl(l for iclclltific+ltic)ll.  Illllilic’  tllc  first tl,’o algoritl]]]]s  lIo\vevcr, tlIcrc is II() cxccxsivc  cc)ltl])~lt:ltiollnl

(1( ’lllall(l  ill llslllf,  all (Ilr stars ill tllc sc] Isor ficl(l to fol’111  tllc l)attcrlls. Utilizatiotl of all stars II II I](CS

(~a(”lI  of tll(’  ]mttctlls  II I()]W  Illliquc,  ])mvidillg  p,rcatcr  assu IaIIcc  tlIat tlI( IIlatcllc(l  sl?Ir ]mirillgs aw

(ol’lw. t. ‘1’llis lI(mwcr, IIOW rcquiws tlIat tllc catalop, ]mttcrtls ill(.lud(,  tlIc  Clltiw  s(lrroulldillg still,

ficl(l  tlltlt tlIC scIIsor  i s  cxlwck(l  to sw (hot jus(  Otllcr  c a t a l o g  stars ), ‘J’l,c  follmvi])g, is a I)ricf  outli])c

1 1
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of llle i(l(l)tificat io]i lmrtiolI  of lllc  algoril 11111 (s(( [ 1  3 ]  for ad(liiiollill  (1((  ?Iils):

1,

?.

3,

4.

4

Pill(l  tll(’ 1)1’igllkst n~ C)l)jcds fro]ll tllc Scllsol”  illlngc,

lr(~r caclI  ol)jcct, find  tlI( lIcaws! )lci~lllx)rillg  star misi(l( 7},, ol’l~llt a gl’ld all(l forltl a ])att(q .1,

Ilsillp, t]Ic  ctltirc sel Isor ficlcl.

l“illd tlIC  closest  )Ilalcllillg  calLIl(~g  ]mit(vII, I f  tllc ]IIIIIIIWI of II Iatcl  Im is gwatcr tlIaJI ?)l, l)air

tllc SC]WOI soar  with tltc catalog s t a r  associatml  with tlic lmttcrll.

l’erforl]l a collsis(cllcy  (“ll(Y’li  silllilar to ilIc lriallglc al~oritlllll; looli  for tllc larg,cs(  groll~)ill,c, o f

i(lv]ltifid  s{ars willli]l tlIc ~m dial}lctcl  of cncl] (Ji,l Icr. If tllc siw of this grou])  is greater tlIa II 1,

rCtIIIII  tlIC ]Jairillgs  ill this pyou]).  I f  1 1 0  largcs{,  XIWUII  cxis(s,  OI 110  i(l(lltific:ltiolls  occur,  re]mrt

f’ailllrc.

Simu laii on clll~il’c)lllll{:lll

Star i(lc]lti{ic;l(io]l t~li[s ])law ill H tyl)ic:ll  IIlaclli]lc  vision  cOII1(X1 AT I illitia] ra\v  illlagc i s  rwci\rccl

frolll  tll( scl Isor atId  ])roccssd (0 extract a set of ol)<jcct,s alI(l tllcir ])m]mii(w.  IIlllikc lIIost  ])rol)lcI  I Is

it] ltla(lli]le vision IIowcvcr, tllc ]Jrolwrti(w  of stars t  yl)i(al]y lIsc(l for  idc[lt  ificat i(lll (Iocatioll  mId

;Il)l):lr(’llt  l)ri~,lllllcss )  arc wc]l dcfillcd  alId diflicultics arisillp,  fro,],  occlusimll S(’;llillg, a n d  ol)jc(’1

ilJ)])C/ll’tlll  CC’ {I I’(! IIot  O f  IIl?l,jol”  cOIICCI’  11. St Zll”S  ((]110 to t]lCil  ~l”~dt  (]iS~?lll(T)  C~lll  1)(>  tI’CHt(Y]  M ]X)illt

SO IIIXH of l i g h t  fro]]] a loct~tioli  011 tllc unit sl)llcrc. llsitlg dII idcalixd )IIodcl  of a scllsor (SW

Vip,llrc 5), tllr location (0, y),  of aII ilIIagc(l  st dl 011 t}I( focal ]) I:IIIC cal  I lW (lclcrlllilld fro)ll  tlIc  star’s

IItlit  vc(.tc)r {t III tlIc scl Isor’s  rcfcrulcc f’ral II(I as follows:

‘I’l Ic ((mrdiilatc  (0:, ?1) i s  tlI(  l(watioll  ]x)il)t (If’  tll(  ol)jcct  011 tllc scIIsoI  ]) I;IIIC aIId j i s  tlic cflktivc

f’(K:Il lcllgtll ill tllc sal IIc u)lih. ‘J’l  Ic s t a r  locatio]ls :tw (lcrivcd  l)y trallslati]lg tllc sl)llcrical c(mr(lillatw

folltl(l  ill slnlI(lar(l stellar catalop,s (C) a  Iwtallp; (llnr systclll and rotatitl~, tllc Sli~  to tllc  a])])lo])ridtc

scllsor ori(’l)t,atio)l,

‘1’IIc  IIliliittlulli sclwiti\ity of tllc scIIsor  is lIsd to (iccidc  if a star ill tllc JOII is I]rip)lt  cIIoup,l I to l)r

i}ll:(p,(d. A  lli~ll  IaIIgr tCrIII  ( l o w  sicllar l))~lgllitudo  i n d i c a t e s  tlIC exhtt  of wdul  I]riglltllcss llICa-

SIIIXIII(IIt,  S OII  o star. A star l)riglltcr tl]a I] this v:il IIc is iltlap)ccl l)llt  tl)c  Iclmrtcd value is sitlll)ly Ccl(lal

to tl]r IIlaxi]]lu]l)  lmigllhlcss. A l s o  itlcludc(l ill tlI( scIIsor  collfi~uratioll  tIIC lloisc  tcrIIIs s]wcifyi]lp;

locstioll”  :111(1  l)ri~,lltllcss  a c c u r a c y ,  cx]wctc(l  dcviatio]l  ill cflktivc focal lct Ip,llI alId  its rollcs])ollcliltg,”

111(  ’i}ll Villllc.

’11) I,mvi(lc r e a l i s t i c  s(sIIsor locatliolls  lI(Iwcvcr, tllc  a(cul{l(llatcd  cYI()]  fro))) illlagi]lg alI(l oljjcct

(,xlr;l(.(iol)  slIould ]K wfl(ctcd ill IIIC ill]~ut cmrdi]latcs. ‘J’l Ic altloutlt  of error that occurs ill tllc

ill(livi(lu:il  lo(atiolls arises f-roll] a IIllllll)cr  o f  (llilcl’cllt  Solll”(’(w. I I I  tl)c  lmIs/scII soI systclll  clislxrsioll,

12
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P> , , ,,,,,
1 ) sensor imgc

l“ip,ure (j: llII:Igc cal)tuw  alId

I

II

II

I (x,y,l))r
2) objccl  l(wali(m an(l

Iwightncss dctcrfllitlali(m

3) ollboal(l”  (Ialabllsc

tl\r[)l\d ill ]Irovidillp,

—.

[. -

““””l
(X,y, t))

:Ilp)orillll)).  ‘1’IIc lIlll]]lxwd stq)s il]dicatc areas \\lIcrc IIoisc is illtmluml ilito star i(lclltificatioll

ill>(’~1 at io]l, dist(wti ml, focal lcllp,tli  (Iwihtioll, N(,, tctl(l  to ]mlll]rl) IIolv tltc lip,l)t falls 011 tllc SCIISOI

lJI:III( lll~(t if’ II IICOIIWtCd  would cl Ial  Ip,c  tlIe lmillt  to lmitll  (c~rrcsljc)lIcl(lIrc  lwtwcwtI  t  II( ill)ag,( l)lalIc

illl(l  tlIC t,ruc world state. nqost of this tylw e r r o r  ca]I I)c coYKYkd  (Iuriltg cnlibrdt  ion and would  lm

s(t, s(,r sl)(wi{i( [ 9 ] ,  IIo}},cl’cr  tllc (lIallp,(  ill f(,(a ] ]cIIp,(]I C]UC to tllcrllli~l  cxj):tllsio)l  aII[l  colltractiml

i s  ;1 ]lli C]~ SO1ll (’(” of S}~Sl, Clll~t,l  C (>1101 fl’olll till S S~St  Clll  illtit,  IS COllllll[)ll  to 2LII  Star SC II SOI’S,  \4’C  C?\ll

CX])c(  ’(, (I(Y))  S])acc ])rol)es  wit]]  II IaIIy ycaIs o f  colititlllolls”  o])cratioll  to cx]wricllcc  tl)is  tylw of IIoisc

wil]i  solII(. ccrlaillt)y. ‘J’IIc  scIIsor  locations of tllc stars arc easily (lcriwd with tllc usc  o f  tl]c  at)ovc

(Jqll:((io]ls  ~),i\’ctl tlIc (“llaltgc ill focal Icllgtl].

A  cllallgc ill foctil  lc]]gtll  \vill also afl”ccl tlic overall I)riglltllcss ]II(mIIWIiICIIt for  itllagcd stars.

‘1’1](,  ]millt l(watio)l 011 tl]c scllsor ])lar Ic is  usually takc]l ils tlIc  cclltroi(l  of a 1)101) of a c t i v a t i o n ]  o v e r

a II UIIIl Wr of l)ixcls (see l~i~ilrc  6). ‘J’IIc  1)1(~1) is p,cllcratml  l~y s l i g h t l y  dcfocllsillg tllc ICI]S (I ICI ICC tlIc

([I(Y1 ivc focal l(]Ip;tlI of tllc i(lcalid  scIIsor)  so Illat  ])1 IotolIs fro)il  a l igh t  source wi l l  stril:c a IIultllwr
. . .

of ll(~ip,lll)(]rll)g ])lxc]s  III t,llc  scllsc)l. ‘1’IIc  activtitic)ll  ofeacll ])ixcl  ill (IIC 1 ) 1 0 1 )  CaII I]c USC(1  t o  coIIstIIIrt

:1 CIIYVC  aII(l  t,l  Ic a])] )amIt  I.)riglltllcss  csl,illlaic(l  froltl  that,. A  CIIZITIF;C ill foctil lcIIgtlI  \\’ill afkct tl]c

siw (If t,l  Ic I)lol],  i)lt,  ro(lucillg  systclllic  crmr ill I)riglitlless  cl(lclltli]latioll. ‘1’llis tylw of error is easily

ill(’orl)(~l:tt((l  ill llIc  sitllul:ltioll  cllvimlllllclll  l)y il(l(lillg  01 slll)tla(lilig  a fixd valllc  to cac]l  of 111(

itllag,((l  star’s Iwi$lltll(ws.

ltl :I(l(litioll  to tllc syskvllalic crml p,cllcratd l)y tll( l(IIs/scIIsor  systcIII, tl]crc i s  a  collsidcral)lc

[il IIoul  It of IIoisc  illtr(du(. c(l I)y this systclt] a]I(l (Illril)g  (lie  ])rc])r(mssillp, of tllc scllsor ittla~c. l)ifl’usc
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1---I ) 1.(1, <1,1!11

?) ll\C1 tx)icsiph~

3) Ilk’ >

4) llll;,y

Noise
I’i(duc[i(m

1!0111  k-[! 1,,< ill]+?.
>

Systclllkttic crror i s  i}ttro[lllccd  ill tllc Imx

lill)~l~(l l]r,a~,c  l’ro(lllctio]l  wr]lilc Nois( l’mducti(,)l  acids sillll~l(  gallssiall c]mr to lint], IIIC l,yigllt,l(w

;Ill(l IOc’alioll  Valll  (%.

lip;lltill~,  r:(diatioll, IJlalldoi(ls, a]ld li]llitcd sensor ]>wcisioll  Callsc Illc additio]l  or cl(lctioll of cxlwclcd

\’i(~wal)lC  (Jl)jccts, a])d ulldmlllil)c  tll(’ al)ility of tlIc cxtrtlctioll  ]) IOCCSS  to a(curalcly  II ICa  SIIrC  tll(’

I))iglllllws a]lcl localioll of a s(ar, ‘J’1)( star (’xl radioll ])mc(ss itwlf a lso  irll mducw  addit,iollal erwr

with tll(~ IISC  of t)l]wsllolds  ill local ifiillg tllc IJol) a)](l ill Calrul:llillg  tl]c  l)l”i~lltllcss  CUI”\JC, l]lla~d s(am

]i(t(l tlIC tllwsllol(l  face tile ]mssil)ility of lwil]g  Clittlillatd a s  sv]]sor  ol)jc(”ts  i f  II(JIIC of illc ])ixcls  ill

(Illei] I)lol)s  are almvc tile tllwsl}ol(l. ‘1’l~is m+ults ill tllc l o s s  d stars lllat alc exlwdd to lm \’im’d.

‘1’1)( ol)]msiic sitilatioll i s  a l s o  ]xwsil)lc  ill tlIat slam slip,lllly  I)clolv tllc IIlillitll(llll  scvlsitivity o f  tlIc

s(sIIsc)r  (0111(1  II(J  illlagc(l  I)rovi(lillg  a(l(lit, iollal, ull(~x~w(td  Ol)jccts  [ 3 ,  1 4 ] .  ‘1’11(  calculatd locati(})l  of

IIIC soar 0 1 1  tlIc  scIIsor  ])laIIc  as dcl(’rl)]illcd  I)y tlIc ])rcvious  cquatio)ls is used  a s  tllc exl)ccld locaiiol)

aIId  i s  ]wrturld ~lsillg a]] crmr ]Mr:IIt IC(Cr (ill ])ixcl ullit,s  ofsta IIdarcl  dcviatioli) al]d  CJaussia]l  IIoisc.

A  si Illilar ]WOCCW occurs fol tllc ]Ilcas(lml l,ri~lltllcss valu(x, S1(1,s  1  alI(l  Z of l~ip, urc 6  sllc,w lvllcrc

IIoisc  is i]ltroducd  duri]lp,  tlIc illlfigillp,  ])roccss.

‘J’l]r otlIc J SOIIIW  of lloisc  (sllolvll  ill tllc figure a s  SICI) 3 )  i s  duc 10 tllr otllmird ca[alop,  ilscl{.

‘1’IIc vdllics  illcor]mratccl ill a star c a t a l o g  tyj)icfilly  lla\’c  a st]lall al IIOIIIIt  of crroI [ 1  1 ]  (Iuc to stellar

IIlotioll)”  II ICaSUIr  II ICIIt  ]Jroccsscs, v i s u a l  lliq,I)itlldc  to s(IIsor l)rip,lltllcss, ullidmltificcl  stars, dc. Por

I:lrp,t JOW, lIIC error illtr(ducccl l)y t  lIC cntnlog  i s  rclat  ivcly  slIIall wlI(lI  cottt]mwl  to otlIcI  s o u r c e s  of

llois{, lIou’cvcr  for l a r g e r  catalogy  alId  sIIIallcl  lIarmwcr  scl)s(m,  this IIoisc lIIay Iw sig]liiicalli  aTId  i s

ill(.lu(lul ill lI]c  softwaw c)lvimlllllellt. (;atalopj  ]mr:IIII(tcrs  illdicati]lg tllc dcvintioll  for  tllc loczltioll

I
. .

1;tll( Iu, igllttlcss  of illdlvldu:ll  st, al’.s ill’C l],s( ’(1 10 ,P,Cll(’~~tC Cac I Of 111(’ olll)():ll’d CHt?il  OgS 11 S(’( I l)y tll( Sttll’

i(l(lllific?ltioll  rolltiltcs,  ‘J’l  Ic slcll:Ir  cat  alop,  usc(l to ~clIcrat(’  tlIc s k y  itllap,cs  i s  collsidcrc(l  tl)c  true

sl{y a s  ill a  hlolltc  (hr]o lnctllo(l.

l’igl]r(  7 SIIOWS all ovcvvimv of  tllc s k y  sil]]llliltio]l  ])l(mss. Star i(l(l)ti(ictitic)ll  Rlgoritllllls  are

i(wt(,(l  111  I(lcr a great  varict)y  o f  cllallgillg  IIois(  coll(litiolls  so tllilt  solilc IIlcasllrc  o f  Ill] alp,ori(l)ll]’s

r(}l)llsttlcss  CaII  l)c lca131cd.  III a(l(litioll,  a  set o f  ])araltlctcw  f o r  a  sillglc  systcIII  colt fig(lratioll cal I

1)(,  i(wt((l  ap,tlillst  a  IIUIII1)CI  of (Iifikwtli  alg(mitl[llls  0] tllcir ]mr;illtdtcr sdtillp,  s to (Iiswver w}li(ll

]mv(icllla~  ~~lp,oritl]lll w sdlmillts aw ltI(Mi dk(t ivc. Our e\dlu:ttioll of tllc SCICCIC(I stay i(lclltificatio)l

illgol”itlllll  II I:Ik(W use of t h i s  l))dl)cdolq,  y ill tllc Kslllts ITlx)rtml  ill tllc IIcxt scdiml.
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5 l{(%lllts

1  tI t h i s  su(ioll \vc dcscrilm tllc ]wrforlIIalIcc alI(l Colll]wlcllcc  of cac]l sclcc(cd St al idcllti(icatiolt

?ll~o]itllltl. l’erfmlIIal Icc iss(lcs  ;tw collcclllc(l with tl)c  al IIc)ulIt  of lIICl IIOIy lIIC c a t a l o g  atId data

sit’1l(. [,llrcs Collslllllc  as }$fcll as tll~  tllll(~ it tdi(W 10 (lct,clltlillc tile (’(JYl(JsJ)()]l(1611cc. l~or Ollr I)lll,JJ{)SCS)

algoritlll]l  collllwtcIlcc  d e a l s  w i t h  tllc o v e r a l l  rol)ustllrss of tlIc  :{lg(lritlllll  ill IIa)ldlil}g  IIoisc  altd

cx:ltllitlillg  \vllat silllatiol[s lead to fail{lrc,

‘III(’ “ true” sli}~ for t,llc sill)lllat,ioll  cllvirollll)cllt i s  fro)]] a catalog ]Jmvi(lc(l  l~y tllc Autollo)llolls

l~ca(llrc  aIKl Star ‘I’laclii IIg  ]nc)jwt  (Al~AS’1’)  at tl)c .Id l’m])ulsioll l,alm]ato]”y. ‘1’llc c a t a l o g  collt  silts

ltcarly 3(; ,()()() stars dowl]  10 a skllar ll)~g,tlitu(lc  of  8 . ( ) .  ‘J’llc scllsor coltiigur?~tioli” siltlulatd ill tllcsc

cx]writtlcllts W?lS (Icsip;  llcd [O lll~li(’ ll121Xilllill  lISC of lIIC avail  al)]c  staw. ‘1’llc sittlulatcd C;C;I)  mscd

n [J1’2xblV ])ixc] array ( J ]  .8 ]I]]n) wit][  cac]l dilllcllsiol] s])nllllillg  a  full /3dcg arc, ‘J’IIc IIlilliltl(ltll

scllsi(, i\, ii,\, of t,]lc SC]ISOY \\,as  s e t  al, 7,5  units s t e l l a r  IJlagt)itu(lc  alIcl  tlie ICJ)(JILC(I  I’al(lcs  lallp;cd  to a

IIlaxiltlulll  o f  2.5 ul)its, ‘J’l Ic s(ar ficl(l illlti~cs  for  s(lcll o sysklII colltai]lcd a])])mxittlatcly  45 staw (U I

;l\’Cl”il~  (’. ‘I’l Ic jov area was almut 64 squaw degrees wllilc tllc cktivc focal lc]lg(ll  was 84,2111111.

‘III(  Olllmald  catalogs C; for tlIc  stal i(lrlltificatiol]  al~olitlll]ls  were c o n s t r u c t e d  as dcscril)cd

])rcviollsly Ilsillp, t,llc va]llcs  of tllc “tr(lc” Slijr ])cl(llrlw{l  l~y a  s]tl all alllollllt  of p; fiussia]l  IIoisc for

Imtl]  tl[c loc:llioll (1 arc sccolId  stal Idarcl dci’iatioll)  alId tllc a])]mmttl I)riglttl)css ( 0 . 1  units s t e l l a r

lllt~p,lli(lldc  sta II<la Yd dcviatiol)) valllcs. ‘J’wo <Iifl”crcllt siw cata logs  were  gctlcratcd, ()]Ic rcquiritlf,  {it

IC:ls( 5 stars ])CI’ {011  all[l tllc Otllcr  9 stars, ‘1’llc lcsultdllt c:~l:llop,s colltaitlcd  754S a]l(l 1 1 , 9 0 1  SIZIW,

or :It)out, {) :1])(I ] 4 Sta  IW  011  average ]Kr  illlagc,  Icslm,t ivc]y.

5.1 l’wfm’lllallcw

]Por core (OIIIKMId)  catalogs of l)otll  sizes, Ire  p,cl[cratcd  a data]msc suitallle for eacl)  of tl)c sclccte(l

~il~oliillllls.  ]rigurc 8 ])rovidcs  tllc total IIullll)cr  o f  (liltl:l  slrudurcs  rcqllid  to I)uild tlIc su])]mrtiilp;

(Iai almsc for cacl  I al.goritlllll. ‘J’IIc total II ICI IIOry for C:ICII algoritllltl is solllc}vllat  dc])cIIdcIIt  0 1 1

ilkll)l(ltlcllt:ltioll  d e t a i l s ,  I)(I( assulllilly,  t.lliit  a S(al rcfcrcllce call  l~c ll}adc  \vitll  p l)yics !vllilc  a float

rcqllircs 4, a fa i r ly  acc(lrak cxtilllatioll call  l)c ]mf(lrltlcd.

‘1’IIc triallglc alp;oritl)lll  r e q u i r e s  tltrce floats fol cac]i Ic:, of H tri:ltl~lc ill tltc (Iatalmsc, ])](Is a

rcfcrcllcc to lIIC trialiglc (4  I)ytcs)  and c:icl) of its stars for a total of ZP l)ylcs ])cr triallglc. ‘1’llc total

II ICI II(IIy  u)llsutllcd l)y tlIc algoritl]lll also includes  tlIc  cost  of storing riicl  I star ill C, ~vllicll r e q u i r e s

tlvo  floats to sl)ccify  eac]l  ]ocatiolt  and a float to illdictltr aj)]mrc]ll I)rigllltlcss. ‘J’llc actual IIlclllory

Ilscd ill i(lclltificfition i s  quite slllall wllcl]  coIII]mrcd  to tlIc (Iatalmse,  ,w 1 ]Iat  wc IIccd  IIot,  coltsidcr

i t .  ‘~’]1~  II ICI IIOI’Y  fO1’ t]lC Slll~llCI’ C(JI”C C~tfll[l~;  k)t?IIS llC?Ill~ ~{h~h \V]lilC tllC lill’~($l  (’~t~l[)~ US(%  ~l)[)llt

1’2A! I).

‘1’IIc )Ilatcll gK)ul) al.goritllll)  u s e s  II IUCII less  II ICI IIOry f o r  datalmsc  s t r u c t u r e s  a s  coIII]mrc(l  to tllc

triallp,lc nlgoritl]l~l,  1( lIas tradc[l  tllc  static ]) IeIItory  all(m~ti(>ll strategy of tlic tria]lp;lc  algoritltlli>s

(l:lt:llww for  a ]IIIICII ]argcr scratch slmcc  ill a c t i v e  lIICIII(Iry  ill order to forlll  tllc grou])s,  ‘1’ltc size

of 1 Ilc sct:ltcll  s]mcc  ]Icc(ls to I)c :ls la~p,c /is tlIc  w(ws( c:isc  coll(lil  ion (or  CII i])loy so]tlc  cmtt])li(:atc(]

1 (j
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Algolitlllll ICI : 7[)48

‘J’]iallglc 134,000”  tliallglcs

1 ‘“” Ih~ ate]]  <; IX)ll]) 6 6 , ( ) ( ) ( )  ])ah

(~rid 7548  ])al(cl’lls

1[:/ : 11,901

L55, ()()()  triangles

1 66,()()() ]mirs

11,901 ])attcl’lls

l~i,glllc 8: S i z e  of sa])]mllitlg data stractum  for cacll  algoritll]il

(’]l CC]ijllp,)  W]lic]l  dc]jcllds  0 1 1  t]lc JIIIIII1)CI”  (If lllatc’11(’s  I)(’r CdgC 2111[[  t]l(’ tOtal lllIIII]IC1  O f  Cdgcs  il\VO]VCd

ill tlIc ]I)atclli]]g. ‘1’IICSC values vary wit]] tlIc ]mralIlctcr scttill?,s of tlIc  al~o]itllltl a s  dctcr]llil]cd  l)y

tlI(  )Ioisc  lc\7cl  aII(l  tlIc  s i z e  of tlIc  ctitalog, If tlIc IIlgoritl)lll  i s  olmrd{il[g  ill a IIoisy cll\’ilc)ltlilcllt,  tlIc

~IVCI+(g(J  II II II I]XV  of ]tlat,c]]cs  call  Iw as IIigll a s  4500  ]wr df,c. IJorltlitlg  ]mim \vi(lt  tlIc 1 0  l)riglltcst

s(, ars fro]])  t,]Ic SCIISOI  iltlagc  rmalts ill using all II(Ml tlIc ctllirc  c a t a l o g  a s  a ]m]c  star ill a lIIatclI  grou])

so t,l I: It, t,lic  SCrat,  cl I s]mcc cIIds u}) Iwitlg  a s  lary,c  or larp,m tlIaII  tlIc  s}~:m  for C. ‘1’IIc  clltirc  ll}cIII(~Yy

tlICII consists of 2 staI rcfcrm[ccs ]wr c{lgc aIId its (Iisttillcc, ])1 M t}vo tilllcs tlI(  size o f  C  (IW arc

mslllllillp, (,1 Iat,  t,llc sc]a(, cll slmcc  alId  t,lic s]mw wquid I)y tllc core catalop,  arc IOllg]lly  qua]). 1/01.

lIIC sJIIallcI.  cow c a t a l o g  (Ilis  works oat, to lw almllt,  ().7M t), lvllilc  tlIc  larger cat,  ?alog;  col  Isul IIcs  o v e r

1  .6MI),  ‘1’lIc  IIol)-lillcar i)lcwase ill S]MCC  (mars lIcrc (IIIC t o  llIC cl Ial  Ip,( ill com star dcllsity  frolll  9

S( :11s })(T fov for t>llc Sl]lallcr c a t a l o g  to 1 4  for  t Ilc lal’$cl  Ollc. ‘1’liis r e s u l t s  ill tl)c total liul]llwr of

c(lp,cs ]wr  ~ol~ il)cwasillg  l)y almui 2.[J.

‘1’IIc II ICI IIOIy cmIsu IIIcd lrj cacl  I ]MIttcrII ill tlIc  gri(l algorill IIII dcjwIIds  011 tlIe  avcIagc III II IIIJCr of

stars illcludcd ill tllc ]mttcl’11, ]ror  tllc sc]IsOr syskltl  alId ])aralllctcrs  \vc arc using)  th is  works 011( 10

IIC almu( ‘2[) stars. A S  cacl]  U)IUIIIII ill tlIC 100 I<1I]) tal)le W]> IWCIItS il ])at[cIII g r i d  cc]l,  OIIly  a sillglc

r(,fcr(llcc  to tlIc  ccl  Itral  siar of tlIc  I~attcrII  i s  rcq~liw(l.  A s  \vas  (IIC c a s e  \vitlI  tllc t~ial)gle algo~itllll~,

lllc ac(iv( l)]cl]}ol,v is quik slllall as  COIII]J:IIW1  to (IIC catalog and 1001<(1]) tal)lc, S0 w’c (10 ]Iot illcludc

it ‘I’l Ic tots] lIIcl IIory  for tlIc slIIallcr (wrc catalog 1s lIcarly (). bkll) ~vllilc tlIc  large cat nlop,  rcq(lircs  a

liltl( over  ().7MI).

‘1’lic otlIcr II I;Ij OI clcl  IIcl It ill ]]crforlll:lllce is tlIc  aIIIOIIIIt of titllc rujllircd to rdurII tllc coIIcs]K)II-
,,.drIIcc or ll~dicatc falluw. 1 l]c tllllc ]wr  l(lclltlflcatloli  1s dc]wlidellt oll a IIIIIIIIWI  of factols:

. . . .
(I)c siw of

C;, tile all]oullt o f  IIoisc, tlIe ill(livi(lual  al~oritlllll  ]mralllctcr  scttillgs, a n d  II(N 111  ally Slars fl’olll (Ilc

SCIISOI  illlagc  arc tcskd for ll)(~ll)lwwlli])  ill C;. ‘J’l  Ic slll)gra])lI slr?ltcp,ies  (Illatcl)  F;Iou])  and triallglc

alp;orillll))s)  aw CXOrCIIIcly  scvlsit.  ivc  to ilIc  ])articlllar  tlIlcsllolds usml, alId ti]t[cs vary collsi(lclaldy

(lc[wll(litl~,  011 tllcir  scttillp;  s. ‘lb IIIakC tllc  cc~llllmrisoll  lwl\YccII  tllc algoritlll  Ils,  \Yc qmrt tlIc  tiltlc

for coll(litiol]s  tlIat are Iilwly to Im cxiwicllccd.

‘1’IIc acccl)tal)]c tolcr;lllcc  for distallcc lllatcllill~ for  cill,cr triallp,lc  ulgcs 01 s(ar ]mim  \vas sc( a t

lIIC sJt Iallcs( vall!c (i.e. tllc v a l u e  tllal gcllcrtitcd llic fcumt distallcc ]mil II)atcl)cs 011 avc]agc) t]lat

acllicwd lIIC IIigllcstl idclltificatioll rate  wlIclI tlIc locat  iol)  of a st ar 011 tltc scIIsor  w a s  ]wturlwd wit])

p,:illssiall  )Ioisc o f  1  pixel  slal Idarcl dcviatiol)  arOIIIId tllc t,ruc  Iocatioll. ‘J’llis rcsultd ill almut IZbo

l)latcllcs  ]wr e d g e  w i t h  tlIc  slIIallcr sizd C, a n d  ()\Jcr  3 0 0 0  Iilatclles  011  avcl’ap,c  for t IIc.  Ial’g(v  C?it  s l o g ,

‘1’IIc  acilIal  IIoisc Cllvirollll)cllt  usc(l  it) tlIc test w a s  IIlait[[aillcd wit])  a  ]ocatiol[ uror  of ().5  ])ixcls
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I)rip,lltilcss  cIror i s  0 . 3  ul,its  slcllar lIIag,IIitll(l(  (],]us syskltlatic error illcorlmratc(l  ill llIc  catalo~),

alI(l  l~rip,ll(tlcss  d e v i a t i o n  o f  ().:{ llllits stcllal llia~tliludc. l~o] tllc triall~lc algori(lllll, IIlat,cllitlp,  ~vas

col](l(i(,ld using  oIIly t,lic 7 l)ri~lltcs( stars o]) tllc scllsor for  a to(~l of 56 t liallgles, ‘J’llc lll:lt,cll gmu])

alp,()]il]lltl  ]l)ade usc of tllc to])  1 () cdp,cs for a lot al of 45 lmirs while t IIC  grid al,goritlltt]  coIII]msc(l

l):lttcrlls  \vit,ll tllc 1 b L)li,gl]t,cst s(aw as t]lc ccIIiral  s(a)  for  tllc st]lallcy  catalog, a]lcl Z7 l)~igll(cst,  f[)l

tllc larger siml C;. ‘J’IIc ?;rid algoritlll)]  ]IIadc  usc  of a  40X40” grid.

Ipif)uw {) l)~~s~,l(,s t,]l~ KSU](,  S of t,]lc t,jlllc  cx])criltlcl[(s. ‘J’IIc  tal)le c l e a r l y  Sllotvs  tllc cost  illllcrellt

ill cxlmll(lillp,  tlIc  catalog,  lk)tll  o f  tllc sul)gra])lI stratcgi(w  a]j]wal’  to lIavr a (llladralic  gro\VtlI  r a t e

IIi(l(lcll ill tlIc  II IaklIilIg strairgy  so tlIat  very  ]argc  cLItalogs  colIld  lx ])rol)lclllatic  (tlIc IIIIIIIIWI of

SCIISOI  slam cvaluat,d  ill Iwtll algoritlllns  w a s  lIcl(l  (wlIs[al  It).  Por tlI(  p,rid  algori~lllll,  tlIc  illcrcasc(]

IIIIIIIIJCI of stars Cv:llllatcd  i s  lili(~ly  to cxl)laill  II I(M1  of 111(~  grC)\vtll.  IIlclcul  if\vc  (~\!alL121tc  27 scl Isor siars

ill tllc sIII:Illcr  sizc(l  ( ;  tlIc  r~llltitllc  ]wr i(l(tltificatiol)  ilicrcascs  frolll ( ) .  ( M  SCCOII(IS  to 0,0!)  SCCOII(IS. A

st rict,ly  ])ro]mr(,iollal  illclcasc ill rulltiltlc for tllc lar$cr cat slog would  lvork  out, to alwut ().1 4 suol]ds

so lllilt,  t]Ic  ]cl)ol(,ul t,illlc  of ().1 2 Scco]l(ls Icflccts tllc tillkc IIid(lcll  l)y tll~ 100 I<1I]J t~l)l(’.

5.2 Ccmlpck?ncc

‘1’IICSCCOII(l  focl)sofc)llrrcslllts” iso)t lIOWWCI

\*’( coIIccIItratc  0 1 1  cxl)lorillg IIow tllc idctlt

itlcleasc. ()(11 lllctllo(lc~logy  issiltlil~ltc)t ll:it” follll(l  ill [4]. ‘J’lIc  al?,c)ritllt  t)]):  ir;lltl(lcrsar  cfixc(l aII(l a

sillp,lc IIoiscsourcc isillcwascd wllilctllc otllcm ale llcl(l at, (yl)ic:ll  ]cvcls.  ‘J’llc clifil]ge  ill idclltificatioll

l:lt(. delllo)lstratcs  tllc Hlgorit]llll’s  ulldcrlyill~  M) I) US II ICSS.

ollrfiwt t\\’otc stslool<atc: lcll:llF,  c)litl[l[[’sljcs( i(lcllti ficati(Jlll: ltclvlli(l  llct(lrllstllcll  l:itcllillgill

l e s s  tl)a II twosccmIds.  ‘I’llis tilllcl illlitis cclt:litlly l]car tllc(]lltc  lcll]clo]]cfc )lrcs])c)ll(lillg (o crucial

ltlissiol[ o]wrz[liolls  and m])m+ellts  a Yeasollal)lc  Z[lllollllt o f  tilllc for tl)is siw ])]oldcttl. ‘I’l Ic dist:~l]cc

]mrat)lctcrsfor t,llc{ri[lllglc:lllcl  II IatCII p,rollj) :llg,c]li(l lltls}+,cyc  SC1,  asdcscrilml ill tllc l]lc\,ic)tlsscctic)ll

(?,l)(,lltl.b],ixcls), 'J`llcl,riglltllcsst llrcsll()l(l\\  ?,ssctcltl .()lllli tsstclla Yllla~,l itLl(lc.ll()tll  tllct1iallglc

;III(l grid al?;oritllllls  II Iad C usc of tlIc  slIIallcr cat;llop,  ill or(lcr  to II]cct  tlIe rcquirc(l  (illlc  collstraitlt,

‘1’11(,  triallglc algoyitlll]l gcllc]atcd triz(llglr Ilsillg  tllc 7  l))iglltcst stars (56 triallr;lcs) 0]] tllc SCIISO]

wl]ilc  lIIC IIlatcl}  grou])  algoritllltl cxl)loitcd tlI(, l)yi~lllcst  1 0  stars (45 ulp,cs). ])uc to its su]mior

tilrl[ ]wIforJJIa IIcc, tllc gri(l  algoritllltl USC(I tllc ]arp,er cow Ca{alog,  aIId atkltll)tcd  t o  ltlatcl)  lIIC to])

27 l)ri~lltmt  stdrs 0]1 tllc scIisor, ‘J’l)c grid size \\’+lslll:lillt:ii llccl at 40x40  during”  :111  t,llctcsts,

l~iguw  10 a])(l 11 SIIOW tllc idclltificatiol]  l;itcfoltllctllrf,(, ?\lgoritll llls21st llcitlstr(llt lclltacc[ll:lcy
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Location Accuracy (std. dew.) in Pixels

Irigllrc  1 ( ) :  ‘1’ltc  tllwc cui\~cs  w])lmclit tllc ]mwclilagc o f  sla~  fields  idclllificcl  over  500 rRIIdO]II

c)li{llt:ilic)lls  of tl]c sc]]sor  for  cac]l  ]) IoILu1 Jmiltt, ‘J’]Ic I)ligllt,llcss  crrc)r  Ivas ]ICI(I collstallt, \villl  a

s[,aII(lar(l  (Icviat,ioll  of 0,3 ul)its stellar IIlagllitudc, ‘J’]Ic staII(]aIcl  dcviatiol]  for t,l]c locatio]l c]rol,  i s

sllow]l  aloIIg tlIc  IIorim]]ta]  a x i s  ill ])ixcls.
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Brightness Accuracy (std. dev.) in Stellar Magnitude

l~igllr’(’  1 1 :  ‘1’11(’  tlli’w Cllrvcs  K’])1’cw]lt  tllc ]Kv’cclltagc of Stal”  fields i(lclltifi(d  ()\’cr  5 0 0 ”  r’all(lolll

oricllt,~lt,jo)ls”  o f  t,l  Ic scIIsor f o r  cacl  I ])lot lcd lmitlt ‘J’lic locat  iOII CIIOI IVaS  IIcI(I col IsLaiIt  witli a

sta IItlar(l  dcvi:it  io]]  o f  ( ) . 5  ])ixc]s. ‘1’IIc s(aIId:IT(l devidtio]l f(Ir tllc I)riglltrlcss error is slIowJI aloIIp, tllc

IIorimlltal axis ill u]lits stellar IIla,g]litudc.

(Icctcascs, 121c11 al,gmitllltl wtw ], Iw+cIIicd  lvil Ii a scquc]lcc of  500”  star ficl(ls  sclcclcd lalldolI Ily to

i(lclllify at C:ICII sl)o~vl] lioisc  level .  ‘J’l Ic l)rip,llttlcss  v a l u e s  rc]mr(c(l  to tile alp,mitllltl fro]tl  tlI(’ scllsor

WYIC  ]wr(I]rlx>d  will]  gaussiall  IIoise  so tlla( so]llc  stare Lllat w o u l d  ty~)ically  Iw visil)]c  wwc lost (i.e.

lwlo~i’ sm)sor  IIlilliltlultt smlsitivit.v). Alwlit 2.6 st:irs ]wr itlla~c disal)]warcd,  o]) avmagc for ().;+ units

stal I(lar(l  d e v i a t i o n  ill skllar IIlagtliiudc wiill tllc a v e r a g e  i]lcrcasill.g  lillcar]y u]) to 13.() s tare  ]wr

ittlop,c for 2 . ( )  units, III addiiiol[ to t,lkc skrs k+ Scllllc  Stnls (lli\l  M’ould 110( llollllally l)C S(TII  \Yel’(’

i]llap,c(l so (]lat 1.8 (Wtrfi stars a]j]wal’cd  ]Wl illlil~~ C)II ill’~1”:1~(’ at ().:{ II IIit S devia t ion  all(l ;{.8 stars

{11 2.() Ill)its.  lb] ltigurc I(J illc I)ri.glltllcss  dcvi:ltioll  Jvas IIltlillt+liilcd  H( ().3 units stellar )tla~tlitu(lc

wllilc lpi~ure  11 snows tlic idclltificatiol~ raks wit]l  tllc loctltio~l  deviation lICICI at ().5 ])ixcls.

‘ 1  ‘IIC false ]msitivc r a t e  (itldicatillg a WIOIIg ccIIIcsl)c)IIclcl  Icc) for tlIc two sul)gra])ll lllatcllili~, al-

gorilllllls v a r i e d  lillcar]y with Iltc ]msilioll accurao. At ().5 ])ixcls  (Icviatiol) tlic ]wrccIItagc  o f  fitlsc

i(letlt  i[i(at ions Jvas 1 .{)% alI(l illcwascd to lIcally 1 b% fo~ 2 . 0  ])ixrls. IJor IIip,ll ltoisr lmcls ill l)ri~llt-

II(SS ;Imurtic,v,  ]iearly 1 /5 of lIIC IIoll-icl(lltificcl  orictltatimls were IIlis-idellt ifid. or t IIC IIlis-idc]ltificd

casrs IIowevm,  close k) 1/8 idc]ltificd tllc correct  scctioll of Sli~ l)llt failml  to ]mii tllc sel Isor/cat{iloS

StaIS  corrcct,ly.  O v e r  tlIc  raIIgc  of t e s t s  discllssc(l  il~ tl~is scc(ioll, tll( p,ri(l al$orit}l]ll  cx]wricllml  olily

1 IVc) f’tllsr ]msitivm,

‘1’lic Klai ivc stcc]) dro])  ill tllc idctltificatio]l  r a t e  ( a s  m]]l]mrc(l  10 lIIC p,rid al~oritlitll) for  tllc
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l~ip,llw 1 2 :  ‘1’llc tllrcc CIITVCS  rc])rcsctit tllc ]wrcelilagc of star fields  idclltificd over  5 0 0 ”  r:llldo]ll

oriellt:ii,iolls o f  tllc scIIsor  for C:ICII ])lotlcd ]mill(. ‘1’llc l~rigllttlcss  crrol was  lIcl(l co]lsiallt }Yitll a

s(all(l:lrc]  dcviatiol] o f  0.3 ullit,s  stellar IIlap,llitudc, ‘J’lic sta]ldard deviation for  tllc local io]l error is

sllowll  alo]lg tlIe IIorizo]lta]  axis ill ])ixcls,  ‘I’l  Ic tri:l]lglc alId g,tid al~oritll]]ls  IISC  al I a(la])t,  ivc  tlIIrslIol(l

alId  lIIC grid algorit,ll]tl  uscw Illc s]nallcr ctilnlog wllilc cl]ccki]l~, olIly  tlIc  l)rigl]tcs( 1 () scII.sor siars.

(Iria]lpjc  aII(l  IIIntClI grou]) alp,oritllltls SICIIIS  fro]l]  (ill lNII() tlIc  sclcc(io]l  o f  tlIc  dis(al]cc tlIrcslIold. I f

w usc  fIII ada])tivc tlIrcsl Iold for tlIcsc alg,oritlll]ts, tlIcrc is  a sip)tlifical]l  iilil)rovctllctlt  ill tllc CUIWS.

‘1’11( stal,ility of tlIc p,rid algoritltlll>s idclltificatioll ]atc i s  (lr]wlI(lclIl  to a dcg,rw  o]) tllc lIuIIIlwr  of

sctlsor star ]EIt,t,cYJIs foril)cd aIId (11(’  s i z e  of tllc cow ca(filog. If lvc llsc tl]c  sltlaller catalop;  Rl]d lilltit

111(  ]Illllll)cr  of Sc]lsc)r s(al’s  (’n CCliCCl to I)C COlll]):il’al)]c \$’itll t IIc 0111(’1”  algolitllllts (1 ()), a IIot iccal)lr

cIrcrcasc ill t,llc algorit,llll]’s rol)llstllms  is  a])])arclll  l:ig(lrc 12 snows  IIow tllc ws]wclivc idrlltificttt ion

r:ltcs (l]a]l~c as lIIC accuracy of tllc locat,  ion illforlllatio]l  var ies .

0111 filltil r e s u l t  cxal]]itlcs IIow sys(mllaiic error afkcts tllc idctltificatioll ra(c  f o r  caclI  o f  tlIc

alg(~ritllllls. ‘Jo :Iccolll])lis]l  this we asslilllc  that tlI(I cfktivc focal lcl I.g(l I of tl]c  smIsoI  sys(cv II lIas

clt<IIIgNl  as collld  IIa])]wll  if tllc systclll  is sul)jc(tcd to slllmtalltial tlIcrIIIal  S(WSS.  As  ill tllc ])l,clrious

cx]x~rilllc)lts,  ot]lcr sources of IIoisc  arc ltcld  al IIoltlillal  valllcs, ill this c:lsc  (),5 ])ixcls  dcvi;ltioll  for

l(xalioll :111(I (),3 units skllar IIlagttitudc for  I)rip,lltllcss. ‘J’l)c ckctivv  focal  lcll~,lll i s  cllallp,cd  frol])

tllc ctllil)ra(cd v a l u e  (84.2  IIlltl)  ill 1111111 illcmllcllts. lrip,llrc  13 sllo~vs tllc idclltifica(ioll  rate for caclt

;Ilg,(lrillllll  (al)O\’c 50(X, ) :ts tllc cflkclivc focal IC]lp, (ll (’llilll~,CS  I)y :Il)olll  ;{.6(X).
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]JjgIII’C ] 3: ‘]’]Ic tlIrcc curves  I’c])K’wII(  (]IC ]mcmI(ap,c  o f  star fic](]s i(lcll(ificd  o v e r  ho(l Y:III(IOIII

orieil(:lti(]lls o f  tl]c  scl]sor for cacti  l)lotted lmi]tt. ‘1’]1(,  ]{lcfit,ioll a][d I]rip,l[t 11(,ss error If,clc  IIeld
collstalll with a s(al]dard dcviatiol)  of (),5 ]Jixcls  all(] ().3 u]lits stellar IIl;i,g,lliludc.  ‘J’])(, IIorimlltal a x i s

],101s IJII]II cl IaIIgcs  ill  l,IIc  cfl”ectivc focal lc]Ip,tl I of tlIc scllsillg syslc]]l  (calil,ratc[l at 84,2  ])]1]]),
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IJip,uw 1 4 :  ‘I’l Ic s(31sor  cwor  does ]Iot  (l(vcasc  ])]()])()rii()]lally  w i t  II  t)Ic  (lccrcaw  ill jo!I awa, For a

p,iv(]l  wIIs(Jr,  a  fixed  aIIIOUIIt of IIoisc  lilllils tlIr alwlutc accLIIacy  of tllc lIIcas\lwlIIclIts IC(luirillg

:I(lclilic)]lal c’vidcllcc  to lw :tcculrllllatc(l for a  sc] isor  illlagc to lrlaitltaitl tl]c Sa]IIC  slnr i(lclltificalioll

I’;IIC.

6  l)iscussion

‘I’l  I(r(,sIIltsfr(jIII  tllc’])rcl’ic)llsscctic~]l  slIowd t]lat  tl]cst+  iri(l(]]tific:ltio  t[s(rtitcp;ics  lmsccl  011  dista]lcc

Illakllillg  Ixtwcc]i  ]mirs o f  siam am cmlsidcral)ly less  ro})ust  tllall lIIC ]mttcIII ]]]atcllillg alp,oritfl]tl

lcs1<sc1.  ‘1’llcclln]lgci]l i[lcllt  ific:ltic)lir:\tcsc~ \cltllc(li(l<rcllt ]Ic)isc co]lcli tiolls]) rc)liclcs{]s l$’itll adircct

]IIcasurc c)f liow II]]iqllc  cacl  I star fic]d i s  witllill 111( ulld(rlyillg  ]mtkr]] slmcc  tlI:It  tlIc lxlr(icul~r  sttII

i(lctl(ific;ltioll :Ilg,oritlllt]  is workitlg ill. A 70 L1ls I ])IolJlmtI f’orlll(llatiol]  ])mvi(lcs  ltlaxirt~lllli  sc]mratioll

}Ictwwl]  tlIc illdividunl  sul]p,ra])lis  or ]m(kll)s givcll  al) :[rl]itraly olllxmr(l  catalog, ‘J’llis ai(ls irl

aclli  evilly, a p,raccful  dc.gradat,  ion of star idc]ltificatio]) co]))]wtcllcc  for Iligll ]Ioisc  clll~ilo]ll}l{’]its  a]Id

tlllowsf(]r  ii lligllcrdmlsit,y c~ltlmard caltllogrc{lllilc(l fc)rslll+illrr~oll’s,

I“CII  tllc ]II()]c;tccIIr:Itc, s]tlallcr~ovsta] scIIsors  c)lvisagcd forfllttllcs]):lce IIlissiolts, (lcIIscr (I IIOIC

s(,{lrs ill (; ])cr ~o?)) olIl)oard s(ar cat s l o g s  arc  a lIccmsllJ~, IJ(JI S(ICII  sysklils, sys(~)l)atic crroI dur

10 accuracy lilllitatio]lsof tllc skllar catalogs, o])tics, e t c .  w i l l  lmoIIIc a larger  ]mrtioll of tlic IIoisc

(lll~ilolllllcllt. ‘1’llis w i l l  result ill ])rc)])c)rtic)llatcly  p;wtttcr  Iloisc  ]cvcls  fol tllc IIIOrC accuratd syslcIII.

‘1’ll((xl)(<’tc(l  (J])cratiliglallgcill lcrlllsc)f])ixcl clloroftllcst:tl” icl(lltific?ltic]ll  algoritlll ll~villillclc{lsc,

IIlcallillgtltat tll(:]r(aofilltcrcst ill l~ig,  urc lowilll  Ic tc)tllcl  ip; llt{)flll  e(’tlrrc]lt IaIIg(  (alwut ( ) . 5  1 . 0

J)ixcls). II I  order to ac]licve  sit]lilar iclclltificzltioll  r:[tcs for  a  sillglc $Cl]sor itllap;c,  ]Ilorc  il)forlll<ltioll

ivill II(WI to Iw mlractecl  fro]]) tllc skr field (sm [18] f’or all allcrllativc a])l)roacll  usillp, a  scqucllcc

{f’ sc,Isor v iews) .  ligurc 14 ]~roviclcs a co],cc]~tual  dc],ictio]) of {lie ])rol~lcl,)

It is illl]mr(al)t tllcll {0 ask  IImv IV(I1 diflcrcllt star i(lc}tlificatioll  s t r a t e g i e s  Ivill work  it] R lligllcr

IIoisc  cllvirolllllc]lt,  11 is ]Iot our co]ltc]ltio]l  that tllc results of tllc ])rcviolls  src(ioll rcflcc( tlIc lli~llml
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ifl(ll(ific:itic)ll  Yatcfmtltc rcs]wc(ivc algoritlll]js. ( krlaill]y a lhr~c  II II II Iljrr of additional cl IatIgcs  could

Iw lIIadclocaclI  [Ilgc)ritlllll,allcl toC illor<lcr  tc~illclc?~sci  is])z~riiclll?\  riclclltificaticJll  rfik f o r  a p;ivo)

llois(~  lcvc].  (Jsi)lg  (Illc lIIorc  cxkvlsivc  cllccliitlg  dcscril)cd l)y [ 1 9 ,  4 ] ,  for il)stallcc,  rcsu]ts ill al)out,  a

2(%  illl])rc)l’clllelltill (IIC idcl)tificatioll rate for tllc lllatc]] groll])  algori(llltl witlt lloisc  lcvc]s  IWIOW  1

])ixcl dcviatiolt and a l(ti, iltl])lc~l,c~l lcllt,fc)r IIip;llc,r lloisclcvels (:\cl?\])t  i\,etltycs!~c)lcl).  ]Iolyrl,crit  isollr

cx]wricllcc tl)at lt)al]y  of tllc v e r i f i c a t i o n  lcclllliqum used to wed out  sl)urious lIIatcl Im ill tlIc star

i(l(’lltific~lt)i(jll alp;orillllllsam illdqm)ldcl)(  oftl Ic ]):llli(lllars(r:itcgy Ilscd to lItttkI’ tlIccol’rcs])O II(lc IIcc, ”

<III(I wslllt ill o]tly  a IIl<trgillal  iltl])ro\’clllf’llt  ill tlic idclltiflcatioll r a t e . ‘J’l Icy arc cwclltially a g,ral)

Iq, of tricks (0 aid ill dctcrlni]lilig wllicll  o f  tllc idelltifiv<l star IIlatcllittgsarc lIIost  l i k e l y  a]]d call

cosily  Iw ad:i])tcd to ally  of tllc tccll?llqllm.

our ])urlmsc ill usi]lg a  siltlilarcc)llsislcllcy cllcck  ill ;Ili tllc al~,clritlllllsrt{(licr tlia]) a llIOYCCOIII-

]jrcllcllsivc routittc as ill [19] jSt(Jllll[lC~St~ll[l  lIo\\’\Ycll cacll  lmsics(ar idclltificatioll strategy W’OI1{S,

aII(l  1 0  ddcrJ]lille  tllc ul]dcrlyillg  rol~us(]lcss  o f  tllc alp,ori(lllll. ‘J’IIc fullctioJl  o f  tllc routillcs wc arc

rx;tl))illittgis to fonllulatr tlIc  lllalc’l)iil~ill SIICII  2 wdy tlIa{  tlIc s(ar ])atkrlIs or sulJgra}d  Is dcvclo]ml

frc)lll (lIco IIlm IId cata]ogarc asl]lli(]llras])ossil)lc, y e t  21rcol)scr\’[il)l[ill a IIigll lloisccll\’iloJIJl)ellt”

01” :1 (l CIISC  Oll))[)ar(l caialo~. ‘1’llisellsl]rcs tlI:It  a (OJICS]JOJI(I(IICC”  lmtwcclI  a  give])  s(lIsor illt+~gcalld

lIIC (x,rrccl  pattcrII  or slIIJgIa],l  I i s  ]mssil)lc  alId  t]tat otl Icr ]mtkllIs or  sII})gral)lIs  Iwill  II Iat Cl I u’itll

I(W ]jrolml)ilitly a n d  i l l  fC}$’(’~Jlllllll  )CIS.

‘J’IIc  IIl?ljc)r(listillctioll  lwt\vcclI  tlIc twos t?lr ]mirdistallcu IIlatclliilgstr:ltcgics  alId  tllc g r i d  algo

ritllllt illvo]vcs  IIIC ulliqucllcss  of  a  )Ilatcll, IIOt tllc tyj)(clf~c]ific~itio]l tcclllliquc  IISNI. A  si]lpjcccll

]oc:llioJl  ill a scJIsor  ]mikJI for  tltc l a r g e r  cow catalog;  u s e d  ill l]tc  siJtlu]atic,ll  wi]] Kc]lcrak almtlt

2bo Illatcllcs ( 6 0 %  fmvcr  using tl]c sIIIallcr catalop,)  0 1 1  avcIaI,c$ (Git?lk)g ])attcl’lls t}lat  dlaJ’c t h a t

lj:irli((llar CCII),  o f  wliicll  ai lc:isl 249 arc }vrollg. ‘J’l Ie tri?tllglc  :111(I lllalcll  grc~u]) alg,oritlllllsoll tllc

Olllcl’ 11:111  (I, lllatcll IIlol’c  t!llall 5 (Jilllcs as  Jll:llly c(lgc  ]mirs  0 1 1  avcra~c, o\’(’r 1250 Jll~tC]I(’S ])(’1’ +,(’

llsill~,  tlIc sIIIallcr  core cat,  alop,  2111[1  a (Iis(, a)lrc  t,l Ircsl Iol(l o f  almllt ].fi ])jxcls.

‘] ’]Ic  sj)llrious II IatclIcs (J!’]lcrc $I,uriolls  ill t]]is  ills(allcc’  i s  dcfillcd  ?IS ally  JIIal C] I O1]ICI  tll:ill  tlIc

(Y)rr(((,  OIIC) C: III I)(J t,]  IouglIt, o f  as II Iat,cl  I “]loisc”, Ivllicll dltic(ivc]y IIidcs  tlIc  true signal (I IIa(clI),

tllllsl ll; ~l<illgi clclltific:ltioJl  ]Ilorcdiflicult Acl(lit it))lal cii(lc)]cci  src(lliirc{l tou~ili)aslitllc trucsip,tlal,

:111(1  lllis is ])ro\’idcd  lry forll]illg tlIc  rclcval It s t ructures  used it] idclltificatioll citllcr trial lg]cs, lIIaicl I

g’; roll])s,  01 ])att[wts. IIowvcr tlIc a]llollllt  of additioll[il  c\i(lellw gatl Icrcd dc]wl  Ids (l IIostly) 0 1 1

tllc sim of tile slruc(urc. ‘J’llc triallp~c  +llgc]ritlll{)’sl~asc  siw i s  Iilllitd to tlIrce. Matrll grou]w,  ill

],rillci])lc, ])ro\i(lc a II IUCII larger structure \vi(ll wllicll  to IIl:ikccl(>cisiotts,  IJII1 it i s  ty])ically liltlitcd

l)y ])(ll()l]tt: \llcccol lsiclcrali()Jls  tc)lcsstll?lJl 15 (Ioill ollrsiltllll:ltioll). III acll]al ])racticc, tllc avmap,c

size of (IIC largest II Iat,cl  I g,roul)  WHS  II IUrl  I closrr to tl(c  siw of tllc tria)lg,lc  strllcturc Iwtwce]l  4  al)d

~). ‘J’ltc siw of tllc smlsor  structuw for  tllc p)ri(l alg;oritlllll  i s  clmer to 20 wllilc  (ltc Hvcrage  II UIIIIWI

of l)l:\tcllrs for a corrcd]y idclltiiid ]xttlcrll is lIcarly 1 3 .

]1’mJII  tllcsc o]x+cnwiiolis  it i s  q u i t e  easy to see  wlIy  {II(’ i(l(illtificatioJl  rntc  o f  tllc  grid al~orjt]llil

(1(  ’$ra(lc[l  IIlucll  S l o w e r  tllall dld  tll(’ Ol]lcr  t\vo algorltllllls. ‘J’l Ic gricl  il]gOJ’it,]l  Jll ])crfolltls idelltific:b

ti(,ll  ill aII  cllvimllllle]lt  tllht  gcIIcratcs fewer  s])urious  lIIatclIcs  (Iowcr  lIIatclI  IIoisc),  aII(l ]]rovi(l(w
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sigllificallt,ly  II IOrC cvidcllw  ill t,l Ic forl)l of a  large] ll]l(l(r]yi]l~  Str II CLIIr(  ])y  IIla]iillp;  usc O f  st:lrs  IIOt

ill C;. ‘1’IIc  two sul)gra])}I IIltltcllillp,  s(ratc~ics  :Irc 10+S  1“01)11S1  I)(,C’?IIISC  (, ftllC 1211’~C  alllo(llltOf  lll?ttCll

IIoisc  {I II(1  tlIc illcor]mratioli  ol’lms cvi(lrllcc  (lllrili~ idclltificatioll. ‘I’llcol)  i’ic)(lss  c)l(ltic)ll  istoi(lcll(if}

11101(”  lriallg]cs  for (IIC triangle  alp;oritlllll or to :Itl(’ltl])t  to lllat(.11  lill~;C~ g;rou]m for tlIc  lIIatclI  grou])

algorit)lllll.

llmvcr  this  so]utioll  i s  l)rol)l(lllatic  a t  1,(s(. l’crf(,rlll:ltl((  collsi(l(l:ttiolls”  aloIIc  }vcigll IIcavily

q  S]l O}VS,  t]l~. US(  O f  t,]lr l:i Ig,cI COIC catalog for  tllcsc  algoritltll)sap,aillslsllcl]  aII a])])  IoaclI.  A s  IJi?;llrc t .

rwtIl(s ill a  f o u r f o l d  illcreas(’  ill tilllc  to r e a l i z e  a s o l u t i o n ,  2111(1  a lIcar tllrccfold  illcrcasc  ill tlIc  size of

tlIc (Intalmsc, 1’;VCII  wit]]  tjl IC l a r g e r  Catalop,j IImvcvcr,  tlIc (lIaIIp,c  ill i(l(lltiiicatioll  rntc i s  q u i t e  sIIIall

alI(l  a])]x’;iw(l  10 dro]) cvcl  I lIIorc dral]liltlically tlIa  II WlICII usitlp, tlIc sIIIallcI  cat:  Ilog.

(;l(arly  tlIe rcasoII  {II( ]Jcrforltlall(x  (lrgra(l(w  so(lralllfiti(?illyfor”  lmtlI  o f  tllcsc  algoritllltlsis  tllc

IIolllillc:itgrc)}flll  ralc  associatd  wit]l  tllcltlatclli llgc)])(’ratioll  (tllcgri(l  :Ilgc)litll  lllll:lsa  lillcarr:lt(of

~mwtlI).  lf7iistllca  Icrag(lll  lltll)cr()f  c()rcst:  lrsl)er~o!  },tl)ctlia  llglc(lat:  il):iscglc)~v  sat~)(t/:3)  wllilc

llIC sixc of II ICI  IIC)ry required  l)y t]lc IIlatcll  grou])  al~ortlIIII  g,ro~vs  a t  O (7/7). A  ]IeaY 50(X,  illcreasc

ill i)llc siw o f  C; Nsulkl ill C1OS(J to a 320(X,  illcrcasc ill lll<itcll IIoisc for  tllc saIIic  IIoisc  Cllvimlllllellt

(1.{) l)ixcls).  ‘J’llis  g r e a t l y  slouwl  tlIc  iclclttific:ltioll  tillic  IIl:lliillp,  it lIlucl  I k m  costly to illcrc~tsc  tllc

II II II Il)Cr  o f  WIIS(N  triangles  or star ]mirs kskd sillcc  t h i s  p,rows IIollliltcarly  a s  we]]. I f  wc ld (I lW

(Ilclllll  lll)crc)f  scllsc)r  st:lrstestccl  ( i . e .  tllcl)rip,lltcst  ({stars),  llIcp;rowllI  r{ttc(,fc  (lgcl):iilsis  ~) ({(~)

nlI(l  i s  CVCII  WOIW  f o r  tI”i:IIIglw. ‘J’lIco]Ily  l)c]Icfit  tlI(II fc)rillcle?lsi]  lp,tllcsi7,cofC:  is to II Ialicit IIIOW

lili(’1~ tlllli tll(’  /lCtll~l S[’11S01  St211s lIavc a  colrcs])c)]l(li] lp, ]tlat(.11 i]] {t, 1)111  lllis  ])rovc(l  to Iw q u i t e

lllar~;illal.

7  Collclusioll

\\)( llil\J(’  rcl,ic)vc(l  two IIl:ljor stratq,ics cllI])loyc(l  ill Star i(lclltificalioll. our r e s u l t s  alI(l  a n a l y s i s

itl(li(”atu  tllatl  a ]mirwisc  ltlatcllillg  tcclllliq(lc  cIII])loyc(l  ill tllc ltlost  ])rcvalcllt  routillcs  IIIay lIavc

(Iilliclllti(w ill  tllc lICX(  gcllcratioll  o f  autollolllolls  star srllsi]lg  systnlls. ‘J’11(’  lalgc, dcllsc  Olll)oald

c:lttllop,sr((l(lirc(l  folsuc]l  Systcllls  illcI~itltil)lyg(tl(’r:ltc  a (ollsidcral)lc  11111111  )C~ofOdl SClll~t  CllCSlll~liillg
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